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POLYMER BRUSHES FOR IMMOBILIZING MOLECULES 
TO A SURFACE OR SUBSTRATE HAVING IMPROVED STABILITY 

5 

Packgmund 

This invention relates to a polymer brush that features polymer layers 
on a substrate surface. More specifically, the present invention is directed to 
a substrate having a first layer composed of a number of hydrophobic polymer 

1 0 chains attached to the substrate surface, and a second layer composed of a 
• number of polymer chains, each of which include a water-soluble or water- 
dispersible segment having two termini, one terminus being free and the other 
being bound to a hydrophobic polymer chain. The present invention is 
particularly well suited for use as a sensor, wherein probes for biological 

1 5 molecules are attached to the water-soluble or water-dispersible segments- 
Sensors of this type are particularly useful for analyzing aqueous samples that 
contain biological materials. The present invention is further directed to 
methods of synthesizing such sensors, including a method wherein (i) an 
iniferter initiator is attached to the substrate surface in order to initiate polymer 

20 growth therefrom, and/or <ii) an activated monomer is used which yields 
polymer chains having functional groups to which probes can be attached 
without the need of a separate activation step. 

Sensors for analyzing biological samples typically have the ability to 
process samples accurately and rapidly in an aqueous environment. This, in 

25 turn, looks to the presence of multiple probes on a single substrate surface 
capable of selectively interacting with components of the sample. For 
example, nucleic acid hybridization assays use multiple oligonucleotide 
probes bound to the substrate surface at preselected sites. The 
oligonucleotide probes, in turn, are available to participate in a hybridization 

30 reaction with selected nucleic acid components of the sample. Generally, this 
interaction of probe and sample relates to the utility of the components of the 
biological sample, such as the identity, concentration, purity or form of the 
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components being sensed. There are generally many types of probes known, 
for example, antibodies that may Immunoreact with a desired protein in a 
diagnostic assay, other protein binding assays, and dyes that change color to 
indicate the concentration of a desired protein, enzyme, small organic 
5 molecule, or inorganic molecule such as calcium or lithium. 

Attaching probe molecules to surfaces is typically difficult for a number 
of reasons. For example, the surfaces often lack functional groups that are 
uniquely reactive in an aqueous system, or that are readily accessible to the 
probe molecules (as a result of factors such as surface crowding or steric 

1 0 hindrance). The latter problem becomes particularly acute as the number of 
functional groups per unit area of surface Increases. In addition, once probes 
are bound to the surface, they must remain accessible to components of the 
biological sample. Here, too, factors such as steric hindrance may hamper 
accessibiiity. Molecular crowding (?.e., density) becomes a critical Issue as 

1 5 well, particularly in systems where fluorescence quenching can be an issue. 
Finally, given that the biological samples to be analyzed (or "probed") are 
often aqueous, hydrolysis of the bond or linkage which holds the probe to the 
substrate surface can result in detachment of the probe, thus reducing signal 
sensativity. 

20 Controlled free radical polymerization methods with living-type kinetics 

have been used to covalentiy bond polymers to the surfaces of substrates and 
thereby form "polymer brushes." Husseman et al., Macmmolecules 1999, 32, 
1424-31 , for example, describe a variety of polymer brushes prepared using 
such methods. The resulting brushes, however, were not water-soluble or 

25 water-dispersible and thus were not suitable for applications involving 
aqueous samples such as biological samples. As a result, the stability of 
bonds linking the polymers to the substrate surface, when exposed to an 
aqueous environment, was not addressed. Additionally, Husseman et al. 
failed to address the importance of controlling the grafting density of, or 

30 spacing between, the polymer chains attached to the substrate surface, in 
order to optimize both the number of probes which may be attached for a 
given application, as well the efficiency of those probes, once attached, to 
interact with the target molecules. 
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Accordingly, a need continues to exist for a polymer brush, as well as a 
process for the preparation thereof, wherein the polymer chains are stably 
bound to the substrate surface, such that the polymer chains will not detach 
when used In an aqueous environment. Such polymer chains will preferably 
5 have a controlled molecular architecture (i.e. r composition, functionality, 
molecular weight, polydispersity, etc.), as well as spacing or grafting density, 
such that the attachment of probe molecules of a given size or type can be 
optimized. Such brushes would thus enable the preparation of a sensor (i.e., 
a polymer brush having probe molecules attached thereto) having enhanced 
10 stability in an aqueous environment and a controlled structure, such that 
probe accessibility to the target biological molecules can be optimized. 

Summary of the Inventiqn 

Among the several features of the present Invention therefore, is the 

1 5 provision of a polymer brush for selectively interacting with biomolecules 
having improved stability when exposed to an aqueous environment; the 
provision of such a brush wherein Improved stability in aqueous environments 
is achieved by the presence of hydrophobic polymer chains on the substrate - 
surface of the brush, forming a hydrophobic layer of a controlled thickness; 

20 the provision of such a brush wherein polymer chains having a water-soluble 
or water-dlspersible segment having functional groups capable of bonding to 
a probe are attached to the hydrophobic polymer chains; the provision of such 
a brush wherein the molecular weight and/or density of the hydrophobic 
polymer chains is controlled to optimize bond stability to the substrate surface; 

25 and, the provision of such a brush wherein the density of the water-soluble or 
water-dispersible polymer segments is controlled independent of the 
hydrophobic polymer chain density, and further is controlled to optimize 
functional group accessibility for probe attachment and/or probe accessibility 
for the attachment of a molecule of Interest. 

30 Further among the features of the present invention is the provision of 

a polymer brush for selectively interacting with biomolecules wherein water- 
soluble or water-dlspersible polymers, associated with the substrate surface 
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of the brush, contain functional groups which attach probes without the need 
for chemical activation. 

Still further among the features of the present invention is the provision 
of a sensor for selectively interacting with biomolecules wherein polymer 
5 chains bound to the substrate surface of the sensor have water-soluble or 
water-dispersible segments which contain the residue of a monomer having a 
probe for binding the blomolecule already attached thereto. 

Still further among the features of the present invention is the provision 
of a polymer brush for selectively Interacting with biomolecules wherein a low 
1 0 density of water-soluble or water-dispersible polymer segments are directly or 
indirectly attached to the substrate surface of the brush, in order to optimize 
functional group accessibility for the attachment of large diameter probes 
and/or probe accessibility for the attachment of large diameter molecules. 

Still further among the features of the present invention is the provision 
15 of process for preparing a polymer brush for selectively interacting with 
biomolecules, wherein multiple polymer layers are present on the substrate 
surface of the brush; the provision of such a process wherein living free 
radical polymerization is employed to grow a first polymer layer from the 
surface; and, the provision of such a process wherein, prior to growth of a 
20 second polymer layer from the first, a portion of the living" polymer chain 
ends are deactivated or terminated, such that additional polymer chain growth 
does not occur, in order to control the polymer chain density of the second 
layer. 

Briefly, therefore, the present invention is directed to a sensor for 
25 binding a molecule In an aqueous sample in an assay. The sensor comprises 
a substrate surface and a layer on the substrate surface comprising polymer 
chains having two termini and a water-soluble or water-dispersible 
intermediate segment between the termini. One terminus of the polymer 
chain is free and the other terminus is bound to the substrate surface. The 
30 Intermediate portion of the polymer chain containing groups for the 

attachment of a probe for binding the molecule which are capable of attaching 
said probe without first being subjected to a chemical treatment to activate 



WO 02/056021 



5 



PCT/US02/00746 



said for probe attachment The sensor further comprises a probe for binding 
the molecule. 

The present invention is additionally directed to a sensor for binding a 
molecule In an aqueous sample in an assay. The sensor comprises a 
5 substrate surface and a layer on the substrate surface comprising polymer 
chains having two termini and a water-soluble or water-dlsperslble 
intermediate segment between the termini. One terminus of the poiymer 
chains is free, and the other terminus is bound to the substrate surface. The 
intermediate portion of the polymer chains comprise a residue of a monomer 

1 0 having a probe for binding the molecule attached thereto. 

The present invention is further directed to a polymer brush for binding 
a molecule in an aqueous sample in an assay. The brush comprising a 
substrate surface, a hydrophobic layer comprising hydrophobic polymer chain 
segments attached to the substrate surface having a dry thickness of at least 

1 5 about 50 angstroms, and a hydrophilic layer attached to the hydrophobic layer 
containing functional groups for the attachment of a probe for binding the 
molecule. 

The present invention is still further directed to a polymer brush for 
binding a molecule In an aqueous sample in an assay. The brush comprises 

20 a substrate surface, a layer on the substrate surface comprising polymer 
chains having two termini and a water-soluble or water-dlspersible 
intermediate portion between the termini, one terminus being free and the 
other terminus being bound to the substrate surface, the Intermediate portion 
containing functionalized groups for the attachment of a probe for binding the 

25 molecule, spacer moiecules bound to said surface, and a probe attached to 
the functional sites for binding the molecule. The density of the functionalized 
groups is at least about 20 picomoles per square centimeter of substrate 
surface area. The ratio of polymer chains to the sum of polymer chains and 
spacer molecules ranges from about 0.02:1 to about 0.1:1. The probe has a 

30 diameter of at least about 50 angstroms. 

The present Invention is still further directed to a polymer brush for 
binding a molecule in an aqueous sample in an assay. The brush comprises 
a substrate surface having a poiymer layer thereon, said polymer layer 
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comprising a first hydrophobic layer attached to the substrate surface, and a 
second hydrophilic layer attached to the hydrophobic layer containing sites for 
the attachment of a prcjbe for binding the molecule, said brush being 
characterized in that, upon being immersed in a 10 mmoiar sodium hydroxide 
5 solution for about 15 minutes, the polymer layer thickness is reduced by less 
than about 40%. 

The present invention is further directed to methods for preparing the 
polymer brushes of the present invention. For example, the present Invention 
Is further directed to a method of preparing a polymer brush for binding a 

10 molecule in an aqueous sample in an assay, wherein the method comprises 
forming a hydrophobic layer on a substrate surface having a dry thickness of 
at least about 50 angstroms, and then forming a hydrophilic layer on said 
hydrophobic layer. 

The present Invention is still further directed to a method of preparing a 

1 5 polymer brush for binding a molecule in an aqueous sample in an assay. The 
method comprises (I) bonding a molecule, capable of initiating free radical 
polymerization having living-type kinetics to a surface of a substrate at one or 
more points to form a derivatized surface; (ii) contacting said derivatized 
surface with a composition comprising a hydrophobic monomer under living 

20 free radical reaction conditions to form a bound, hydrophobic polymer layer; 
(iii) treating said hydrophobic polymer layer to render a portion of living free 
radical polymer chain ends incapable of re-initiating polymerization under free 
radical polymerization conditions; and, (h/) contact said treated layer with a 
composition comprising a water-soluble or water-dispersible monomer under 

25 free radical reaction conditions to form polymer chains bound at one end to a 
hydrophobic polymer, said bound polymer chains comprising: (a) a water- 
soluble or water-dispersible segments having a weight average molecular 
weight of at least about 1 ,000; and (b) one or more functional groups on said 
bound polymer chains that are capable of reacting with a probe selective for 

30 the biological molecule 

The details of one or more embodiments of the invention are set forth 
in the accompanying drawings and the description below. Other features, 
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objects, and advantages of the invention will be apparent from the description 
and drawings, and from the claims. 

Brief Description Of The Drawings 
5 FIG. 1 is a schematic drawing showing the effect of increasing grafting 

density and Increasing polymer chain length on a hypothetical surface to 
which polymer chains are bound. 

FIGS. 2-5 are schematic drawings showing a method for forming 
surface-bound polymers having water-soluble or water-dispersible segments 

1 0 bearing functional groups available for bonding to various probe molecules. 
FIG. 6 is a schematic drawing between chain spacing, S, radius of 
gyration, Rg, and chain grafting density, n, and a critical chain grafting 
density, n c , at which chain entanglements begin. 

FIG. 7 is a bar graph illustrating efficiency of oligonucleotide loading 

1 5 and hybridization as a function of chain density. 

FIGS. 8a and 8b generally represent reaction schemes that can be 
employed to prepare monomers for use in some embodiments of the present 
application, having functional groups which do not require "activation" prior to, . 
for example, DNA probe attachment. 

20 FIG. 9 is a schematic drawing illustrating a method of forming a bllayer 

polymer brush, wherein hydrophobic polymer chain segments are attached to 
the substrate surface and hydrophilic or water-soluble polymer chain 
segments are attached to at least a portion of the ends of the hydrophobic 
segments (the density of the hydrophilic chains being controlled in this 

25 illustrating by means of the photobleachlng process.) 

FIGS. 10a an 10c provide tables of exemplary data for probe loading 
and hybridization signal (10a and 10c, respectively), while corresponding 
FIGS. 10b and 10d graphically Illustrate this data versus chain density and 
monomer ratio, for polymer containing NHSMA groups; that Is, these FIGS. 

30 collectively illustrate the dependence of the fluorescent count on chain density 
and monomer ratio, after coupling and hybridization of amlno-modified 
oligonucleotides on polymer brushes containing NHS groups (as further 
described in Example 22). 
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p^tgited Description Qf the Preferred Embodiments 

As has previously been reported (see, e.g., PCT Application Serial No. 
PCT/US00/18339, Incorporated herein by reference in its entirety), polymer 
5 brushes tor binding a molecule in an aqueous sample in an assay can be 
prepared to possess polymer chains, attached to the substrate surface of the 
brush, of a controlled density having water-soluble or water-dispersible 
segments which contain funcbonalized sites that, after being activated (i.e., 
after being subjected to some linking chemistry), attach probes for binding the 

10 molecule of interest Such brushes can be prepared, for example, by means 
of a free radical polymerization process having living-type kinetics, wherein an 
initiator (e.g., a nitroxide) is bound (e.g., covalently bound) to the substrate 
surface to ensure polymer chain growth from the surface, the chain density 
being controlled by the ratio of initiator molecules to non-initiating, spacer or 

15 Mummy" molecules attached to the substrate surface. 

In accordance with certain embodiments of the present invention, it has 
been discovered that, for applications wherein an aqueous sample is to be 
analyzed, an improved polymer brush can be prepared by growing polymer 
chains from the substrate surface wherein at least a portion of the chains 

20 comprise a first segment or block which is hydrophobic, in order to form a 
hydrophobic layer of some minimum thickness on the substrate surface (e.g., 
about 50 angstroms, 75 angstroms, 100 angstroms or more), a second water- 
soluble orwaterndispersible segment or block then being grown from at least 
a portion of hydrophobic segment ends. This hydrophobic layer renders the 

25 polymer chains more stable to aqueous environments, the layer acting as a 
barrier to reduce, and possibly prevent, hydrolysis of the covaient bonds 
linking the chains to the substrate surface. As a result, the polymer brusfies 
of the present invention can be used under more extreme conditions (e.g., 
higher temperatures, pressures, pH), and can additionally be reused for some 

30 applications (the brushes now being able to undergo washing to remove 
bound molecules and/or probes). 

In accordance with other embodiments of the present invention, which 
may or may not include the above-described multi-layer system, the density of 
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the water-soluble or water-dlsperslble segments or blocks can 
advantageously be controlled, at least partially for example, by a process 
wherein a portion of the "living D hydrophobic segment ends are terminated or 
rendered inactive to subsequent polymerization. More specifically, such 
5 polymer brushes can be prepared to have a controlled density of water- 
soluble or water-dispersible polymer chain segments, essentially independent 
of the density of the hydrophobic polymer chain segments, by means of, for 
example, an iniferter/UV initiation system (which is advantageous because it 
is relatively inexpensive and enables a broad range of monomers to be used 

1 0 compared to, for example, a nitroxide/heat system). As further described 

herein, the ability to control polymer chain density is particularly advantageous 
In view of the various sizes of probes than can be employed. 

Furthermore, in accordance with certain embodiments of the present 
invention, which may or may not include the above-described hydrophobic 

1 5 layer, it has been discovered that a polymer brush can be prepared wherein at 
least a portion of the water-soluble or water-dlspersible polymer segments 
possess functional groups which do not require a separate activation step 
prior to probe attachment; that Is, after the polymer brush has been prepared, 
at least a fraction of the polymer chains attached to the substrate surface 

20 contain water-soluble or water-dispersible segments comprising functional 
groups that do not have to be subjected to some linking chemistry before 
probes can be attached. As described in greater detail below, such segments 
can be prepared by using monomers having functional groups that are directly 
reactive with the probe of Interest Alternatively, the need for activation (i.e., 

25 linking chemistry) may be obviated by attaching the probe to the monomer 
prior to the polymerization process; that is, the polymer chains may be formed 
from monomer which already contains the desired probe, as further described 
herein. 

These and other advantageous features of the present invention are 
30 described in greater detail below. 
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. Overview - Polymer Brushes 

Water-dispersible/Water-soluble Segments 

5 In accordance with the present invention, a layer is formed on a 

surface of a substrate which comprises a plurality of polymer chains. Each of 
these polymer chains has two termini and a water-soluble or water-dispersible 
intermediate portion between the termini, one terminus being free and the 
other terminus being bound to the substrate surface In some way. The water- 

1 0 soluble or water-dispersible intermediate portion typically has a weight 
average molecular weight of at least about 1000 and, depending upon the 
particular assay, may preferably have a weight average molecular weight of at 
least about 5,000, 10,000, 50,000, 100,000, 200,000, 300,000, 400,000, 
500,000 or even at least about 750.000. (In some alternative embodiments, 

1 5 the molecular weight may range from about 1 ,000 to about 5 million, from 
about 25,000 to about 1 million, or from about 50,000 to about 750,000.) 

In addition, the intermediate portion contains functionallzed sites or 
groups for the attachment of a probe for binding a molecule, and is typically 
substantially free of crosslinks to the intermediate portion of other polymer 

20 chains. As a result, one terminus of each of the polymer chains is free to 
extend into an aqueous environment and the other terminus is bound to the 
substrate surface, either directly (including, for example, where the end of the 
water-soluble or water-dispersibfe segment is bound to a portion of the 
. initiator, or linker-initiator, molecule attached to the substrate surface, as 

25 further described herein) or indirectly (including, for example, (i) where an 
intervening, hydrophobic segment or layer of polymer is present between the 
water-soluble or water-dispersible segment and the substrate surface, or (ii) 
where a trlblock copolymer is formed, the central block being for example 
hydrophobic and attached or associated with the substrate surface in some 

30 way). 

In this regard it is to be noted that, as used herein, "terminus" generally 
refers to end regions of the polymer chain, within which various polymer 
architectures may be present (e.g., linear chains, branched chains, etc.); that 
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is, it is to be understood that, as used herein, "terminus" does not necessarily 
refer to the last atom at each end of the principal polymer chain. 

It is to be further noted that, as mentioned herein, in order to maximize 
the "solution-like* character of the probes, it is preferred that these water- • 
5 soluble or water-d ispersible segments be substantially free (Le. y (ess than 
about 50% f 25%, 10%, 5%, or even about 1%)of covalent crosslinking, and 
more preferably substantially free of all types of physical crosslinking as well. 

Hydrophobic Polymer Layer - Enhanced Stability 

10 

Experience to-date has show that the conditions or environments to 
which common sensors are subjected typically lead to the detachment of the 
probes from the substrate surface (e.g., glass), rendering the sensor 
unacceptable for use. More specifically, as further described herein, 

1 5 experience has shown that silane linkers or linkages, which are most 
commonly employed to attach probes (e.g., DNA probes) to a substrate 
surface, are susceptible to hydrolysis when subjected to conditions commonly 
employed in gene expression teste (e.g., heating to about 40 to 60 °C for 
about 1 6 hours). In fact, It is not uncommon for up to about 90% or more of 

20 the probes to be lost as a result of links being broken during such tests. 
: In addition to the common test conditions to which sensors are 
subjected, it is also desirable at times to be able to de-hybridize the 
probeAmolecule duplex after the assay is complete, in order to remove the ~ 
molecule from the probe while keeping the probe bound to the polymer 

25 segment, so that the sensor can be reused. A common practice for de- 
hybridization is to submerge the sensor in boiling water at a neutral pH, or if 
more extreme conditions are needed in a basic solution (e.g., a sodium 
hydroxide solution, pH ranging from about 1 1 to about 13), for several minutes 
(e.g., about 5, 10, 15 minutes or longer). However, most sensors currently 

30 available commercially would not be able to withstand such conditions; that is, 
after being subjected to such conditions, for most sensors, substantially all of 
the probes would not remain attached to the substrate surface. As a result, 
any attempt to "dean" the sensors would essentially render them useless. 
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Because most sensors cannot be reused, the overall cost of such methods of 
analysis is significantly Increased. 

As reported in PCT Application Serial No. PCT/US00/18339. probe 
retention, can be significantly Increased by attaching the probes to a water- 
5 soluble or water-dispersible polymer chain segment which Is then bound to 
the substrate surface. Although these polymer chains are typically bound to 
the substrate surface by covalent bonds, which are also susceptible to 
hydrolysis, the number of probes lost when subjected to hydrolyzlng 
conditions is significantly reduced (e.g., less than 20%). In accordance with 

1 0 the present invention, it has now been discovered that the stability of the 
bonds which link the polymer chains to the substrate surface, when exposed 
to hydrolyzlng conditions (such as the exemplary gene expression conditions, 
or alternatively the basic sodium hydroxide solution, described above), can be 
increased by forming a hydrophobic layer of some minimum thickness on the 

1 5 substrate surface, the layer comprising hydrophobic polymer chain segments 
having one end attached to the substrate surface (and a fraction of the 
hydrophobic chain segments having the other end attached to a water-soluble 
or water-dispersible polymer segment, as further described herein). This 
hydrophobic layer thus acts as a "barrier* which limits, and preferably 

20 prevents, the access of hydrolyzlng reactants to the covalent bonds. As a 
result, the degree of polymer chain detachment can be limited such that, upon 
being exposed for example to a sodium hydroxide solution (e.g., about 5, 10, 
15, 20 mmol) for about 1 0, 15, 20 or even 30 minutes, the overall thickness of 
the polymer layer (i.e., the thickness of the hydrophobic layer plus the 

25 thickness of the water-soluble or water-dispersible layer) is reduced by less 
than about 40%, 30%, 20%, 10% or even 5%, thus limiting the degree of 
probe loss. 

While the thickness of the layer may vary from one application to 
another, typically the average dry thickness will be at least about 50 
30 angstroms, 100 angstroms, 250 angstroms, 500 angstroms, 750 angstroms, 
1000 angstroms or more (e.g., about 1250, 1500, 1750, 2000 angstroms or 
more). In some preferred embodiments, the average dry thickness will range 
from about 50 to about 2000 angstroms, from about 1 00 to about 1 500 
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angstroms, from about 250 to about 1250 angstroms, or even from about 500 
to about 1000 angstroms. 

It is to be noted in this regard, however, that layer thickness is at least 
in part a function of the density of the hydrophobic polymer segments as well 
5 as the molecular weight (in at least some applications, a higher molecular 
weight resulting in a lower density being necessary to achieve the desired 
degree of hydrophobicity, or protection from hydrolysis, and vice versa). 
Accordingly, typically the segment density and molecular weight will be 
controlled to achieve the desired layer thickness. Segment density can be 

1 0 controlled as further described herein (e.g., by controlling the ratio of initiator 
to spacer or "dummy" molecules on the substrate surface prior to initiating the 
polymerization process, or by terminating living ends of the hydrophobic 
polymer chains prior to initiating growth of a hydrophilic or water-soluble 
polymer chain segment), while molecular weight is controlled by means 

1 5 common In the art. Generally speaking, the ratio of the hydrophobic polymer 
segments to the sum of the hydrophobic polymer segments and spacer or 
dummy molecules attached to the substrate surface will range from about 0.1 
to about 1 , from about 0.2 to about 0.8, or even from about 0.4 to about 0.6, in - 
some preferred embodiments this ratio having a value of about 1 , about 0.8 or 

20 even about 0.6. 

It is to be further noted that the hydrophobic polymer segment can 
optionally be crosslinked; that is, in some embodiments, crosslinks between 
the hydrophobic polymer segments can be present. Additionally, the 
hydrophobic segment or block can be linear or non-linear (e.g., branched, 

25 star, etc.). When present, crosslinking and/or branching may serve to 
enhance the degree of protection Imparted by the hydrophobic layer. As a 
result, in some cases the presence of crosslinks and/or branching may enable 
the thickness of the hydrophobic layer to be reduced. 

The hydrophobic layer comprises hydrophobic polymer chain segments 

30 or blocks, each having one end attached to the substrate surface (by means 
generally described herein), each segment in turn comprising repeat units 
derived from one or more hydrophobic monomers; that is, each segment may 
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comprise repeats unit derived from a single hydrophobic monomer (i.e., a 
homopolymer) or of different hydrophobic monomers (i.e., a copolymer). 

Generally speaking, essentially any monomer which will impart 
hydrophobicity to the segment or block can be used. Quantitatively, the 
hydrophobic/hydrophllic nature of the monomers may be determined 
according to the log P of the particular monomers, which Is sometimes 
referred to as the octanol-water partition coefficient. Log P values are well 
known and are determined according to a standard test that determines the 
concentration of monomer in a water/1 -octanol separated mixture. In 
particular, computer programs are commercially available, as well as on 
various internet sites, that will estimate the log P values for particular 
monomers. For example, some of the log P values In this application were 
estimated using a program available from an Internet website 
mttp://esc.swes.oom/i nterkow/kowdemo.htm). which provides an estimated 
log P value for molecules by simply Inserting the CAS registry number or a 
chemical notation. Hydrophobic monomers typically will have a log P value 
above zero and hydrophilic monomers typically will have a log P value close 
to or below zero. Accordingly, typically monomers employed in preparing the 
hydrophobic segments which make up the hydrophobic layer will have a log P 
value of greater than about 0.5, and preferably will have a log P value of 
greater than about 1 (e.g., greater than about 1.5, 2, 2.5 or even 3). 

For example, the following hydrophobic monomers have the following 
log P . values: styrene, about 2.95; n-bufylacrylate, about 2.36; and tert- 
butylacrylate, about 2.09. Other suitable hydrophobic monomers include, but 
are not limited to, acrylic or methacrylic acid esters of Ci -C 18 alcohols (such 
as methanol, ethanol, methoxy ethanol, 1-propanoi, 2-propanol, 1-butanol, 2- 
methyM-propanol, 1-pentanol, 2-pentanol, 3-pentanol, 2H7iethyM-butanol, 1- 
methyl-1-butanol, 3-methyM-butanol, 1-methyl-1-pentanol, 2-methyM- 
pentanol, 3-methyM-pentanol, t-butanol (2-methyl-2-propanol), cydohexanol, 
neodecanol, 2-ethyl-1-butanol, 3-heptanol, benzyl alcohol, 2-octanol, 6- 
methyl-1-heptanol, 2-ethyl-1-hexanol, 3,5-dimethyl-1-hexanol, 3,5,5-tri methyl- 
1-hexanol, 1-decanol, 1-dodecanol, 1-hexadecanol, 1-octadecanol, and the 
like, the alcohols having from about 1 to about 18 carbon atoms, preferably 
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from about 1 to about 12 carbon atoms); styrene; polystyrene macromer, vinyl 
acetate; vinyl chloride; vinylidene chloride; vinyl propionate; alpha- 
methylstyrene; t-butylstyrene; butadiene; cydohexadiene; ethylene; 
propylene; vinyl toluene; and mixtures thereof. Preferred hydrophobic 
5 monomers (with approximate log P values listed In parentheses) for some 
embodiments of the present invention include n-butyl methacrylate (2.36), 
isobutyl methacrylate (2.66), t-butyl acrylate (2.09) f t-butyl methacrylate 
(2-54), 2-ethyJhexyI methacrylate (4.09), methyl methacrylate (1 .38), vinyl 
acetate (073), t-butyl acrylamlde (1.02) and mixtures thereof. (For 
10 additionally log P values and information, see, e.g., log P listings from Hansch 
et al., Exploring QSAR: Hydrophobic, Electronic, and Sterlc Constants (ACS 
Professional Reference Book, 1995), which is incorporated herein by 
reference.) 

Once the hydrophobic layer has been formed on the substrate surface, 

15 a second, hydrophilic layer may be formed on the hydrophobic layer (by 
means described further herein below); that is, after a hydrophobic polymer 
layer, comprising hydrophobic polymer chain segments or blocks wherein one 
end of the segment or block is attached to the substrate surface, has been 
formed, a second layer comprising polymer blocks having a water-soluble or 

20 water-dispersible segment can be formed by attaching one end of the block to 
a "free" end of a hydrophobic polymer block. Various methods for the 
formation of block copolymers are further described herein below. However, 
generally speaking, block copolymers can be formed by, for example, linking 
two pre-existing chains, or by In-situ polymerization (e.g., growing one block 

25 and then another, such as by free radical polymerization, preferably free 
radical polymerization having living-type kinetics, and still more preferably by 
means of an iniferter initiated process). 

In one preferred embodiment, a polymer brush of the present invention 
is formed using free radical polymerization techniques, and more preferably 

30 living free radical polymerization techniques, wherein a block copolymer is 
formed by growing a first hydrophobic polymer block from the substrate 
surface, followed by the growth of a second water-soluble or water-dispersible 
block from at least a portion (e.g., 10%, 20%, 40%, 60%, 80%, 90% or more) 
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of the living" hydrophobic block ends. In such instances, the ratio of water- 
soluble or water-dispersible segments to hydrophobic segments is less than 
1:1 (e.g., less than about 0.8:1, 0.6:1, 0.4:1, 0.2:1, 0.1:1, 0.05:1, or even 
0.01:1). Additionally, also in such instances, the ratio of water-soluble or 
5 water-dispersible segments to the number of attachments points on the 
substrate surface is less than about 1:1 (e.g., (ess than about 0.8:1, 0.6:1, 
0.4:1, 0.2:1, 0.1:1, 0.05:1 , or even 0.01:1). 

Generally speaking, essentially any monomer which will impart 
hydrophlllcity to the polymer segments of this second layer can be used. As 
1 0 noted above, quantitatively, the hydrophobic/hydrophillc nature of the 
monomers may be determined according to the log P of the particular 
monomers. Hydrophilic monomers typically have a log P dose to or below 
zero. Accordingly, monomers employed In preparing the hydrophilic 
segments which make up the hydrophobic layer will typically have a log P 
1 5 value of less than about 1 or 0.5, and preferably will have a log P value of 
about 0.3, 0.1 or less (e.g., less than about -0.1 , -0.3, -0.5 or less). 

For example, the following hydrophilic monomers have the following 
log P values: acrylic acid, about 0.35; 2-methoxyethylacrylate, about 0.45; and 
2-hydroxyethyl-methacrylate, about 0.47. Other hydrophilic monomers and 
20 their log P values include, but are not limited to, acrylamide (about -0.67), 2- 
hydroxyethylacrylate (about -0.21), acrylic acid (0.35), methacryllc acid (0.93), 
N.N-dimethyiacrylamide (-0.13), dimethyl aminoethyl methacrylate (0.97), 
quatemized dimethylaminoethyl m (-0-26), maleic 

acid (-0.48), maleic anhydride and its half esters, crotonic acid (0.72), itaconic 
25 acid (-0.34), acrylamide (-0.67), acrylate alcohols, hydroxyethyl methacrylate, 
diallyldimethyl ammonium chloride, vinyl ethers (such as methyl vinyl ether), 
malelmldes, vinyl pyridine, vinyl imidazole (0.96), other polar vinyl 
heterocycies, styrene sulfonate, allyl alcohol (0.1 7), vinyl alcohol (such as that 
produced by the hydrolysis of vinyl acetate after polymerization), salts of any 
30 acid or amine listed above, as well as mixtures thereof. Preferred hydrophilic 
monomers for some embodiments of the present Invention are further 
described herein below. (For additionally log P values and Information, see, 
e.g., log P listings from Hansen et al., Exploring QSAR: Hydrophobic, 
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Electronic, and Steric Constants (ACS Professional Reference Book, 1995), 
which is incorporated herein fay reference.) 

It is to be noted in this regard that, in some embodiments, it is also 
preferable for there to be some minimum absolute difference in the log P 
5 values for the hydrophobic and hydrophilic monomers used (n preparing the 
hydrophobic and water-soluble or water-dispersible polymer segments, 
respectively. More specifically, in some embodiments it Is preferred that the 
absolute difference between the log P values of the hydrophobic and 
hydrophilic monomers employed in preparing the polymer brushes of the 

1 0 present invention be at least about 0.5, 0.75, 1 , 1 .25, 1.5, 1 J5 ( 2 or even 2.5. 

It is to be further noted that, like the hydrophobic layer, the density and 
molecular weight of the water-soluble or water-dispersible segments can be 
controlled to achieve the desire degree of functional group and/or probe 
accessibility (as further described herein); that is, the density and molecular 

1 5 weight can be controlled to ensure the desired number of functional groups 
are present for probe attachment, and that spacing between these segments 
is optimized to ensure accessibility of the probe to the functional groups as 
well as accessibility of the probes to the molecules to which the probes are 
ultimately to be attached. The density of this second layer can be determined, 

20 for example, by measuring the increase in thickness of the second block and 
comparing it to the thickness of the same layer grown from a substrate of 
known density, expressed for example as initiator to spacer or dummy ratio 
(the hydrophilic layer having a dry thickness, for example, which ranges from 
about 10 to about 2000 angstroms, from about 15 to about 1000 angstroms, 

25 or from about 25 to about 1 00 angstroms). 

It is to be still further noted that while the present invention is 
particularly well suited for use with glass or fused silica surfaces, as further 
described herein, this approach can also be employed with other surfaces that 
are notoriously sensitive to corrosive media, such as for example nylon 

30 membranes. 
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Polymer Chain Attachment - Grafting "From" vs. "On to" 

In view of the foregoing, generally speaking the polymer brushes of the 
present invention may be prepared by one of two general approaches: (i) the 
5 "grafting from 0 approach, whereby the polymer chain is grown from the 

substrate surface; and, (ii) the "grafting on to" approach, whereby a preformed 
polymer chain Is linked on to the substrate surface. The "grafting from" 
approach includes the attachment of an initiating moiety onto a substrate 
capable of starting the polymerization of monomers. Possible polymerization 
1 0 techniques Include radical, cationic, anionic, and metathesis, as well as 
Insertfon-type chain growth mechanisms. In one embodiment, the radical 
polymerization process is preferred due to its robustness towards aqueous 
environments and the large range of functional monomers available for this 
type of polymerization. 
1 5 Radical polymerizations can be Implemented in a number of different 

ways known in the art, each having as a common feature that a radical 
forming species is linked to the substrate surface through the functional sites 
available on the surface. Standard radical initiators Include, for example, azo 
and peroxide initiators, as well as redox systems which lead to uncontrolled 
20 polymerizations. 

Uncontrolled free radical polymerizations usually produce broader 
molecular weight distributions, and moreover the number of chain keeps 
9SW*2fl as * e reaction proceeds, as opposed to controlled polymerization 
where ideally all the chains are formed at the beginning of the reaction To a 
25 first approximation, the number of grafted chains is equal to the sum of the 
initiation events, which depend upon the half-life of the bound initiators and 
the initiator efficiency. "Initiator efficiency" refers to the fraction of the radicals 
which, once formed, actually generate a new chain. When implementing 
uncontrolled free radical polymerization, reaction conditions are typically 
30 chosen in order to control the chain density and the molecular weight. For 
example, In one embodiment, uncontrolled polymerization Is carried out so as 
to decompose all the bound initators (achieved by selecting the proper 
combination of reaction time and temperature). More specifically, if ti« is the 
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half-life of the bound Inltators at a given temperature, then the reaction time Is 
preferably 5 * W The chain density is then the density of Initiators bound on 
the surface, weighted by the Initiator efficiency. 

For uncontrolled free radical polymenzation, it is difficult to control the 
5 chain length because the radical concentration is not uniform in the 

polymerization mixture. Here, the non-covalentty attached radicals on the 
surface can diffuse away from the substrate and, as a result, the local radical 
concentration will be extremely low, leading to uncontrollably high molecular 
weights. One way to address both the control of chain density as well as the 

1 0 control of molecular weight is to implement living free radical polymerization 
(LFRP) techniques. In the case of LFRP, the control of molecular weight is 
enabled through a control agent which reversibly deactivates the propagating 
radical. Living free radical polymerization techniques include, for example, 
nitroxide mediated polymerization, degenerative transfer (such as reversible 

1 5 addition/fragmentation transfer), atom transfer radical polymerization, among 
other techniques known to people skilled in the art In one specific case, the 
initiator and the control agent are combined in one molecule, which is referred 
to as an Initiator-control agent adduct To gain control of molecular weight, it 
is necessary to control the radical concentration at the vicinity of the surface. 

20 One way to address this issue is to add both extra initiators and/or adducts, 
as well as control agents into the polymerization mixture. 

Various combinations of initiating moieties, control agents and adducts, 
as well as the manner by which they are employed (e.g., In solution, bound to 
the surface, or both), may be used in the preparation of the polymer brushes 

25 of the present invention including, tor example: 
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In one embodiment, an initiator-control agent adduct is attached to the 
surface via the initiator moiety and non-surface bound adduct is added to the 
polymerization mixture. This approach leads to the formation of both polymer 
bound to the substrate surface as well as polymers in solution (which enable 

5 valuable Information to be learned about the resulting surface because the 
molecular weight, monomer incorporation and molecular weight distribution 
are believed to be Identical for both polymers). This technique leads to 
excellent molecular weight control, narrow polydlsperslties and allows one to 
monitor the polymer brush growth by measuring the properties of the solution 

0 grown polymer. 

In another embodiment, the adduct is also attached to the substrate 
surface, but here only the control agent (instead of the adduct) is added to the 
polymerization mixture. 

In yet another embodiment no adduct Is used but the control agent is 
> added at a concentration similar to the steady-state concentration achieved In 
the above embodiment wherein adduct is both bound to the substrate surface 
and present in solution. Hence, the radicals that are found stem mostly from 
the bound initiator/bound initiator-control agent adduct The control over 
molecular weight is ensured by the stable free radical purposely added in the 
polymerization reaction. As the polymerization proceeds mainly from the 
surface, virtually no polymer is formed in the solution. Polymer growth is 
monitored by measuring the polymer layer thickness (e.g. by eJlipsometry). 
Since no polymer is formed in solution, this approach has the advantages of 
providing (i) a tower viscosity reaction mixture, which facilitates the recovery 
of monomer and Isolation of the modified substrate, and (H) a lower cost of 
manufacturing, since no solution adduct is used. 

The "grafting on to" approach provides for the preparation of the 
present polymer brushes from pre-formed polymer chains having water- 
soluble or water-dispersible segments, the polymer chains having fonctional 
groups that react with the substrate surface. A variety of chain-coupling 
techniques are usefol to attach the pre-formed polymer chains to the 
substrate surface, either by covalent bonding or physical Interaction. 
Covalent coupling is, for example, achieved by chemical reaction between 
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electrophilic entities (such as, for example, acyl halkies, isocyanates, sulfonyl 
halides, activated esters and the like) and nudeophilic entities (such as, for 
example, hydroxy!, amine, thiol and the like), the nudeophilic or electrophilic 
groups being present either on the water-soluble or water-dispersible segment 
5 or the substrate surface. Many other techniques known by those skilled in the 
art, which result in bond formation between carbon atoms, heteroatoms, 
metals and combination thereof are also applicable. 

The immobilization of blocks copolymers or graft copolymers is also an 
efficient way to prepare polymer brushes, whereby these block/graft 

1 0 copolymers comprise Q) water-soluble or water-dispersible segments at their 
termini (as defined herein), or as pendant entities, and (ii) one or more other 
segments which exhibit some affinity towards the substrate surface. Such 
segmented macromolecules can be anchored through, for example, 
hydrophobic interaction, hydrogen bonding or coulombian interaction. 

15 Segmented polymers can be chosen among the following examples : 

polystyrene-b-polyethyleneoxide, polyethyleneoxide-b-polypropyleneoxide-b- 
polyethyleneoxide, polymethylmethacrylate-b-polyethyleneoxide, polystyrene- 
b-poiy(meth)acrylic acid, polystyrene-b-polyvinylpyridlne, 
polydimethysiloxane-b-polyethyleneoxide, poiy- 

20 dimethylaminoethylmethacrylate-b-polymethacryllc acid and the like. 

According to another method, polymer brushes can also be built from 
polymer particles stabilized by hydrophiiic polymers that are deposited on the 
surface and allowed to fuse In a coherent film by the action of drying. 

The grafting process occurs gradually over time periods of hours to 

25 days, and the grafted layer is built up continuously. The rate of grafting also 
increases with the concentration of dissolved polymer. Generally, a limiting 
value of the brush thickness is approached at long times, but by stopping the 
grafting process at an earlier selected time it Is possible to control the ultimate 
grafting density, so long as this is less than the ultimate limiting value. While 

30 this makes It more difficult to access very high grafting densities, because the 
grafting process is self-limiting, as discussed herein high grafting densities are 
typically undesirable, as they lead to reduced accessibility of the binding sites. 
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it will be understood by those of skill In the art that "grafting" is used in 
multiple ways in this specification, and that "grafting density" does not require 
use of the "grafting onto" approach to surface preparation. 

Derlvatized Surface - 

Surface-bound Initiators and Spacer or Vummy" Molecu/es 

The above-noted polymer segments may be bound to the surface 
through covalent bonding or non-covalent bonding (such as, for example, 
electrostatic, hydrophobic or affinity binding interactions). In other 
embodiments, there may be a functional group attached to the polymer 
segment that is designed to Interact with the surface to bind the segment to 
the surface. For example, the polymer segment may Include an -SH group 
that will Interact with certain surfaces, such as gold, to bind ft to the surface; 
other embodiments include Langmuir-Blodgett films, lipid monolayers and lipid 
bilayers, for the attachment of the polymers. 

However, In one embodiment, the polymer segments are attached to the 
surface functionalities by means of a surface bound initiator which is suitable 
for free radical polymerization; that is, the polymer segment is attached as a 
result of, for example, the reaction of monomer with an initiator (such as one 
suitable for free radical polymerization) that has first been attached to the 
surface functionalities. 

The initiator for the free radical polymerization of the polymer attached 
to the surface may be any knowrfinitiator for water-soluble or water- 

25 dispersible monomers. Known Initiators Include peroxides and the like. In 
other embodiments, however, a free radical control method is employed, such 
as a reversible chain transfer process, atom transfer radical polymerization or 
stable free radical controlled polymerizations, in the specific case of the use 
of nitroxide control agents, the nrtroxide may serve as a control agent or as a 

30 chain transfer agent to control molecular weight. 

When a surface bound initiator is employed, in one preferred 
embodiment the initiator is covalently bound to the surface of the substrate 
and is capable of initiating a free radical polymerization reaction with llving- 
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type kinetics. A surface-bound initiator may be characterized by the general 
formula: 



wherein: C is a functional moiety on the surface of the substrate; L Is a linker 
group capable of bonding to at least one C moiety; q, r, and t, independently, 
are 0 or 1 ; z is 0, and in some embodiments is preferably 1 ; O Is oxygen, N is 

1 0 nitrogen; and, R is a substituent, as further described herein. The remainder 
of the structure 0.e., -Y-O-NR2) is referred to as an initiator-control agent 
adduct, described in greater detail below. When bound to the surface, at least 
one of q, r or t must be 1 . The C moiety is a portion of the surface 
functionality and is typically oxygen because, as shown in Fig. 2, hydroxy! 

1 5 groups are typically found on the surface of commonly used substrates such 
as silicon wafers and glass. However, It is possible to bond the initiator to 
other surface moieties as well. The above formula show the initiator-control 
agent adduct attached to the substrate surface. For addition to the surface, 
the starting molecule takes the form (L)*— Y— O— NR2, with the same 

20 definitions for L, Y, R and z. 

The linker group, L, Is optional; that Is, the Initiator may be directly 
bound to the substrate surface. However, in some embodiments a linker may 
be preferred because it helps space the polymer chains away from the 
substrate surface, which may enhance the accessibility of functional groups 

25 on the polymer chains. The length and identity of the linker group is selected 
depending on the type of surface to which the initiator will be bound and the 
identity of the particular initiator. In addition, the linker group moieties 
preferably do not substantially Interfere with the polymerization reaction. 



30 binding to the surface of the substrate, and may be selected from the group 
consisting of substituted alkyl, heteroalkyl and polyethylene glycol. When 




5 



As generally indicated above, linkers have an end-group capable of 
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substituted alkyls are used, it is preferred that one end of the alkyl chain is 
substituted with a silyl group. 

In one preferred embodiment, wherein Si or a SJ0 2 based surface are 
used (e.g„ such as silicon, silica, fused silica glass, quartz or other silicon 
5 based glasses), it is especially desirable for the linker group to include a 
silicon atom, as shown in Figs. 24, because silicon bonds readily to such 
surface hydroxy! groups. Additional spacing may be provided by an alkyl or 
alkoxy group separating the silicon atoms from the initiator-control agent 
adduct Linear alkyl and alkoxy groups are preferred because they do not 
10 interfere with the subsequent free radical polymerization. 

To maximize the stability of the bond between the surface hydroxyl 
groups and the silicon atom, it is desirable to include at least three atoms, and 
preferably Up to about eight atoms, in the group separating the silicon atom 
from the initiator-control agent adduct (As further described herein, in some 
embodiments stability is enhanced by the presence of a hydrophobic layer 
being formed on the substrate surface.) 

As shown In Figs. 3 and 4, in some embodiments the initiator is bonded 
to the substrate surface through the linker atom through at least one 
attachment site, but preferably to two or (as shown in the figures) three sites 
20 of attachment. As further described herein (see, e.g., "Stability Test" ), 
bonding to multiple surface moieties advantageously increases stability by 
ensuring that the initiator will remain tethered to the substrate even if one or 

- more bo^s between the linker atom and the surface moieties were to break. 

Although covalent bonding of the polymer to the suiface (e!g., via the linker, L 
and initiator fragment, Y) is the preferred in some embodiment, in other 
embodiments, the polymer is associated with the surface through bonding 
other than covalent bonding. Alternative non-covalent binding techniques can 
be selected from among ion pair association, hydrophobic Interaction, metallic 
complexes, multiple H-bonding systems and other host-guest interactions. 
30 in order to control, adjust or optimize the accessibility of functional 

groups on water-soluble (or water-dispersible) segments of the surface-bound 
polymer chains to probe molecules, in some embodiments It is important to 
control the surface grafting density of these segments. As described in more 
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detail elsewhere herein, the desired grafting density, or spacing between 
these segments, is at least in part a function of the size of the probes to be 
attached to the functional groups, the grafting density decreasing as the probe 
size Increases in order to prevent, for example, steric hfnderance from 
5 impeding probe attachment Density may be controlled in a number of 

different ways, as further described herein, including the use of of "dummy* or 
"spacer" molecules bound to the surface, as illustrated in Fig. 4, or 
alternatively by 'terminating" or "quenching" living chain ends prior to growth 
of the polymer chain segment to which ttie probes will ultimately be attached, 
1 0 as illustrated for example in Fig. 9. 



Density Control - 

General Considerations Concerning Functional Group 
Accessibility 

15 

The nature of the problem associated with functional group 
accessibility is generally illustrated in Fig. 1 , which depicts a hypothetical 
surface to which a number of polymer chains are bound. As further described 
in greater elsewhere herein, without being held to a particular theory, it is 

20 generally believed that, for polymers of a given composition and chain length, 
as the average chain grafting density (i.e., the average number of bound 
chains per unit area) increases, the number of accessible functional groups 
(i.e., the number of functional groups on the polymer chains which are 
capable of attaching to a molecule of a given size) increases. However, as 

25 the grafting density continues to Increase, eventually chains are close enough 
to become entangled and otherwise sterically hinder the functional group- 
bearing sites, thereby limiting the ability to attach a probe molecule to the 
polymer chain at these sites; that is, as the grafting density continues to 
increase, eventually a point may be reached where the number of accessible 

30 functional groups begins to decrease due to increased steric hinderance, a 
reduction of total free volume, a reduction of the mesh size, and a hindered 
diffusion of the biomolecules, even though the total number of functional 
groups continues to increase. If the grafting density increases further, the 
polymer chains can become so tightly packed or so entangled that essentially 
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the only functional groups accessible to a probe are located at or near to the 
chain ends (e.g. f near the surface below which the grafting density essentially 
approaches zero). 

A similar phenomenon is believed to occur as chain length increases 
for a given grafting density. If the segments are short enough so that the 
average coil diameter is significantly less than the average distance between 
attachment points, then there is no overlap between the segments. As the 
segments are made longer, the size of the coils which they form increases 
until they overlap. With further increase in the chain length, the chains begin 
to stretch away from the substrate. Once the chains are stretched, further 
increase in the chain length at a fixed grafting density leads primarily to an 
increase in the "wet thickness" of the brush, but does not lead to significant 
further Increases In the average polymer concentration within the brush or a 
reduction of the mesh size. (Mesh sizes may be determined, for example, by 
means analogous to those described in U.S. Patent No. 5,126,021.) 
Accessibility issues are also graphically displayed in Fig. 6, where it is shown 
that there exists a critical chain density, n 0 , which is the point at which surface 
bound polymer chains begin to entangle. As described elsewhere herein, this 
density may be controlled to control the accessibility of the functional groups 
on the polymer as desired for a particular embodiment 

In some embodiments, the present invention addresses the problem of 
functional group accessibility by disclosing how to control various aspects of 
the preparation methods, including for example the density of available 
functional moieties on the surface (controlled, for example, by various surface 
treatments, as described herein and in the literature), the chain lengths (e.g., 
molecular weight), chain grafting density, and the type and/or number of 
functional group-containing monomers, thus enabling those of skill in the art to 
design a sensor with a desired number of available or accessible functional 
groups present. Stated another way, the present invention discloses how to 
control the manner by which surface-bound polymers having water-soluble or 
water-dispersible segments are prepared to enable functional group 
accessibility to be adjusted which, in turn, enables the polymer-modified 
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surface to be tailored for a given application. As a result, subsequent probe 
attachment and probe availability for sample screening can be optimized. 

In this way f the present invention provides the ability to control the 
number of functional groups that are available for binding probes of a 
5 biosensor, and ultimately thereby to control or tune the sensitivity and other 
properties of the biosensor. More specifically! depending on the volume 
occupied by the probe molecules In a particular solution (e.g., aqueous), the 
grafting density of the polymer chains can be tuned" to accommodate such 
probe molecules to avoid surface crowding and optimized accessibility of the 

10 probe molecules to the bio-process. It is believed that Increased numbers of 
functional groups, along with minimizing surface effects as discussed 
elsewhere herein, advantageously provides Improved sensitivity of the probe 
in a bio-process, along with increasing signal, increasing signal to noise ratios 
and increasing dynamic range (i.e., increasing ability to detect decreasing 

1 5 numbers of target molecules In the sample, as further described herein). 

Referring to Figs. 2-5, In one embodiment, a radical Initiator is bound to 
the surface of a substrate to form a derivatized substrate surface (e.g., Figs. 
2, 3 and 4), as further described herein, which is subsequently contacted with 
one or more monomers to form surface-bound polymer chains (e.g., Fig. 5) 

20 which extend from the substrate surface generally in a direction normal to the 
substrate surface. In one embodiment, the polymer chains are not 
substantially crosslinked to other strands, covalently or otherwise, thus 
permitting a range of movement substantially independent of other polymer 
chains. According to one approach (and as further described herein), it can 

25 be assumed that substantially all functionalities originally on the surface are 
bound to either an initiator or initiator-control agent adduct or, In some 
embodiments, a dummy molecule (I.e., a molecule which does not participate 
in a subsequent polymerization reaction). In some embodiments, the 
monomers are chosen to provide the desired functional groups (e.g., hydroxy!, 

30 carboxyl, amino, thiol, etc. groups) on the polymer, so that the desired probes 
can subsequently be attached to the functional groups to complete the 
sensor. 
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As further described herein, probe size is a factor to be considered 
when attempting to optimize polymer chain density. Stated another way, the 
average distance between the polymer chains depends, at least In part, upon 
the size of the probes to be attached, as well as the sensoring process to be 
employed. Typically, however, the average distance between the polymer 
chain attachment points is less than about 10 times the radius of gyration (Rg) 
of polymer chain under the conditions of the assay being employed, 
preferably less than about 4 times Rg, and more preferably less than about 
equal to twice the Rg of the polymer chain. Without being held to a particular 
theory, it is generally believed that about twice the radius of gyration or more 
is preferred because, if the polymer chains are further apart than their 
diameter, then there will be an unnecessary amount of space between them; 
that Is, if the polymer chains are further apart than their diameter there will be 
empty areas which could be filled with additional polymer chains without 
causing any significant additional chain overlap and crowding. 

Those of skill in the art will also understand that grafting density and 
molecular weight may be expressed in terms of a "mesh size," which relates 
to the size of the molecule that may diffuse into, or access, the free volume or 
space between the polymer chains. Stated another way, for a polymer brush 
of a given grafting density and molecular weight a molecular volume or size 
threshold exists, below which mo/ecules may diffuse into the free volume or 
space between the chains, while above which the molecules are repelled or 
prevented from entering this free volume (instead remaining at or near the 
surface of the polymer layer comprised of the polymer chains). Accordingly, 
the mesh size of the polymer brush In some embodiments should be sufficient 
to allow diffusion of the anlyte molecule (e.g., the probe molecule to be 
attached to the segment functional groups or the target molecule which is to 
bind with the probe) into this free volume between the surface-bound polymer 
chains, and preferably in a commercially practical period of time. If there are 
multiple target analytes, then the mesh should be at least as large as the 
largest target analyte. Typically, therefore, the mesh size may range from 
greater than about 0.1 , 0.2, 0.5 or even 1 times the radius of gyration of the 
analyte molecule, up to greater than about 1 , 2, 4 or even 5 times the radius 
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of gyration of the analyte molecule. (In other contexts, this theory is 
discussed in U.S. Patent No. 5,126,021, which is incorporated herein by 
reference.) 

Examples of aniyte molecules commonly of interest in the art include: 

5 

Slnale-strand DNA : As determined by means common in the art (in this 
case, Atomic Force Microscopy; see, e.g., Weiserthorn et al., Scanning 
Microscopy, 4(3), 1990, pp. 51 1-516), the spacing between bases In a 
single-strand DNA segment is roughly about 5 A. Because the slngle- 
1 0 strand DNA is very flexible and can coil upon itself, the width or thickness 
of a coiled 25mer is about 6 A, while the average contour length is about 
50 A. 



Additionally, common radii of gyration (Rg) of single-strand DNA of various 
1 5 sizes known in the art (see, e.g., Chan et al., Biophysical Journal, 69, 
2243-55 (1995)), Include: 

Steeff of bases) Pg (A), 

6 10 

20 30 40 

160 250 

2686 1190 

4373 1600 



25 Double-strand DNA : As determined by means common in the art (see, 
e.g., L Stryer, Biochemistry. W. H. Freeman, pp. 76-77 (1988)), a double- 
strand DNA has a regular structure which is more rigid than the single- 
strand counterpart, and a length which has been calculated to be about 
3.2 A per base pair. Therefore, a double-strand 25mer would have a 

30 length of about 80 A, with a helical diameter of about 20 A, and an 
estimated radius of gyration of about 45 A. 
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Proteins : As determined by means common in the art (see, e.g., 
Hendrickson et al., PNAS 86, 1989), Streptavldin (SA) has a molecular 
weight of about 60 kDaltons, with dimensions of about 64 x 58 x 48 A, 
which equals about 150,336 A 3 , and a radius of gyration of about 30 A. 
5 Similarly, Phycoerythrin (PE) has been found to have a molecular weight 
of about 240 kDaltons, with an estimated molecular volume of about 
600,000 A 3 , and a radius of gyration of about 50 A. The SA-PE conjugate 
molecular volume is about 750,000 A 3 (see, e.g., Glazer, A. Ann., Rev. 
Microbiol., 36, pp.173-198 (1982)), and a radius of gyration of about 50 A. 

10 

Related to the concept of free volume between the water-soluble (or 
water-dispersible) segments bound to the substrate surface Is another 
parameter, referred to herein as the "swelling ratio." Briefly, this is the ratio of 
the solvated brush thickness to the dry film thickness, and indicates both the 

15 degree of expansion of the brush as well as the "free volume" fraction in the 
solvated brush. The solvated film thickness, as further described herein, may 
be measured using techniques standard in the art, including neutron 
scattering and reflectivity, the surface force apparatus, and scanned probe 
microscopy (such as AFM). 

20 In general, brushes with equivalent dry thickness, but with different 

molecular weight and grafting density, may demonstrate a significant variation 
in the degree of swelling and the height of the solvated brush as a function of 
polymer chain, molecular weight L ^FfllL^lTIRL9^r r a 10 A thick dry film, the 
solvated thickness is 123 A for a Mw=1 0,000 polymer, 573 A for a 

25 Mw=1 00,000 polymer, and 2660 A for a Mw=1 ,000,000 polymer. Thus 

although the total amount of polymer present per unit area is the same In both 
cases (expressed, for example, as mass per unit area), the higher molecular 
weight polymer becomes distributed over a much larger volume, and at much 
lower concentration, than the lower molecular weight polymer. 

30 Similarly, it can be seen that for the same dry film thickness, the 

solvated brush made up of a higher molecular weight polymer has a much 
larger mesh size than a lower molecular weight poiymer. For example, for a 
40 A thick dry film, the calculated mesh sizes for solvated brushes having 
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three different molecular weights are 20 A, 64 A, and 204 A, for molecular 
weights of 10,000, 100,000, and 1,000,000 gm/mole, respectively. As was 
discussed above regarding the brush height and density, the same number of 
monomers or the same mass of polymer is distributed in a much more open 
5 and accessible way when the polymer has the form of a smaller number of 
very long segments, versus a larger number of shorter segments. 

In general, mesh size depends largely on the absolute grafting density 
(expressed in picomoles per square centimeter), and not so much on the 
molecular weight or the dimensionless grafting density. That is, a brush with 

1 0 a specified mesh size can be made to include a larger total volume and total 
number of binding sites by increasing the molecular weight while keeping the 
chain grafting density, n, essentially fixed. 

The brush structure may be optimized with respect to both sensitivity 
and kinetics of attachment by always choosing the highest possible molecular 

1 5 weight, and tuning the mesh size and entanglement lifetime via the grafting 
density. By extending a brush with a very open structure (large mesh size) a 
great distance away from the substrate, it may be possible to achieve 
sensitivity much higher than is attainable with brushes commercially available 
to-date while maintaining a mesh size which is much larger than the size of 

20 the biomolecules of interest, thereby permitting very rapid diffusion of the 
biomolecules throughout the brush and possibly faster kinetics of attachment. 

Regardless of the manner by which the "openness" of the brush Is 
defined (I.e., by a swelling ratio, grafting density or mesh size), the important 
factor to be noted Is the free movement of the polymer segments and the 

25 ability of molecules of a particular size (e.g., probe or target molecules) to 
diffuse into the polymer layer comprised of these segments. Accordingly, as 
mentioned herein, the substantial absence of permanent crosslinks (e.g., 
covalent crosslinks), and preferably all types of crosslinking, between these 
segments Is preferred so that any entanglements (I.e., obstructions to 

30 segmental motion and molecular diffusion or movement) are short lived, thus 
maximizing the "openness" or mobility of the polymer brush. 

The total number of functional groups for the attachment of probe is, at 
least in part, a function of polymer chain molecular weight, the number of 
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functional groups per polymer chain and the grafting density of polymer 
chains on the substrate surface. Because of steric hindrance and/or polymer 
chain overlap, not all functional groups will necessarily be accessible to probe. 
The number of accessible functional groups may be determined by means 
5 common in the art. For example, the number of accessible functional groups, 
in a given area or volume, may be determined by adding dye molecules to the 
polymer-coated substrate of the present invention which bind to the 
accessible functional groups of the polymer chains. Once attached, the dye 
molecules may then be cleaved from the surface, collected and measured to 

1 0 determine the number of molecules that were attached to the surface, which 
in turn corresponds to the number of functional groups accessible to the dye 
molecules. The number of attached, or "cleavable," dye molecules also 
corresponds to the number of functional groups that would be accessible to 
probe molecules of a size similar to that of the dye molecules used in the 

15 analysis. 

While the number of accessible function groups for a given brush 
configuration will vary with the size of the dye molecules utilized in the test (or, 
alternatively, the size of the probe molecules to be attached), generally 
speaking the number of accessible functional groups or sites for small 

20 molecules (e.g., small dye molecules having a size of, for example, less than 
about 10 A) will typically range from about (i) 20, 25 or even 30 
picomoles/cm 2 , to about (ii) 100, 500, 1000, 5000 picomoles/cm 2 , up to about 
(ill) 1 x 10 4 , 5 x 10 4 , 5 x 10 5 , or even 5 x 10 8 picomoles/cm 2 (as determined by 
the cleavable dye analysis methods described herein). However, as the size 

25 of the molecule to be attached increases, these ranges may also change. For 
example* if the molecule to be attached Is a protein (which In some cases may 
have a molecular volume 1 00 times greater than the dyes molecules 
referenced above), the number of accessible functional sites for the same 
surface may range from about 1 , 5 or even 10 picomoles/cm 2 , up to about 1 x 

30 1 0 4 , 1 x 1 0 5 , or even 1 x 1 0 8 . Sizes of common molecules which may be 
attached to the accessible functional sites Include, for example: 
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Approximate Pre pr Probe 3fee 

Fluorescein: D~ 10 A 
Dansyl choloride: D ~ 1 0 A 
8 mer ss oligo: Rg - 10 A 
5 25 mer ss oligo: Rg - 30 A 

50mer ss oligo: Rg ~ 100 A 
Streptavidin(SA):D-55A 
IgG antibody: D ~ 65 A 
Phycoerythrin (PE): D ~ 100 A 
10 • SA-PE conjugate: D ~ 1 20 A 



where D is diameter (used herein for molecules which have a well-defined 
structure), Rg is radius of gyration (used herein for molecules which do not 
have a well-defined structure, such as molecules having a random coil 

1 5 structure), ss is single strand and ds is double strand. 

It is to be noted that which the Cleavable Dye Analysis may be used to 
determine the number of accessible functional groups, alternative methods 
known in the art may also be used to determine the total or actual number of 
functional groups in the polymer brush. For example, one method involves 

20 the use of radioactive or labeled monomers in the polymerization process. 
Once the polymer chains have been grown, analysis will provide the total 
number of monomer units that have been incorporated into the brush, which 
directly correlates to the number of functional groups present ----- 

25 Density Control - "Dummy' or "Spacer" Molecules 

in one embodiment, surface-bound spacer molecules are utilized, 
which are typically very similar to the surface-bound Initiator molecules so that 
the chemistry of the polymerization reaction is not substantially affected. In 
30 some embodiments, the spacers are characterized by the formula: 
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wherein: C is a functional moiety on the surface of the substrate (as defined 
above); q, r, and t, independently, are 0 or 1; Lis a linker group (as defined 
5 above) that Is capable of bonding to at least one C moiety; z Is 0 or 1 ; and, Q 
is a group that is substantially incapable of initiating free radical 
polymerization. Q can be, for example, selected from the group consisting of 
alky}, substituted alkyl, alkoxy, substituted alkoxy, aryl r substituted aryl, and 
combinations thereof. 
10 When bound to a surface, at least one of q, r or t is 1 , The above 

formula shows the spacer or dummy molecules attached to the surface. 
Thus, the spacer or dummy molecules may be added to the surface by using 
a molecule that fits the formula (L)r-Q. with the same definitions for L, Q and 
z. 

1 5 Because these surface-bound dummy or spacer molecules are 

incapable of reacting with a monomer or otherwise binding a water-soluble (or 
water-dispersible) segment as described herein, they perform the role of 
neutral space-holders, thereby allowing control of the grafting density of the 
water-soluble (or water-dispersible) segments on the surface. In some 

20 embodiments, this control is important to prevent the grafting density of these 
surface-bound segments from becoming so high the ftjnctional groups are not 
accessible for binding probes and/or the probes are not accessible to the 
sample components (i.e., the "target" molecules of the sample). The relative 
concentration of surface-bound initiator (or surface-bound initiator-control 

25 adduct) to surface-bound spacer molecules can be selected based upon the 
surface grafting density desired or needed for a particular application. For 
example, in some embodiments the concentration of surface-bound spacer 
molecules exceeds that of the surface-bound initiators (or initiator-control 
adduds), the ratio ranging from about 1000:1 to about 1:1 (I.e., about 1000:1, 

30 500:1, 100:1, 50:1,25:1, 10:1, 5:1, etc.), while in other embodiments the 
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concentration of surface-bound initiators exceeds that of the surface-bound 
spacer molecules, the ratio ranging from about 100:1 to about 1 :1 (i.e., about 
100:1, 50:1, 25:1, 10:1, 5:1, 3:1, etc.). In other words, in some embodiments 
the dummy to initiator ratio can range from 100 moI% Initiator (i.e., no dummy 
5 molecules present) to 0.001 mol% initiator. Typically, however, the dummy to 
initiator ratio ranges from about 95% initiator/5 mol% dummy to about 1 mol% 
Initiator/99 mol% dummy. Depending upon the molecular weight of the 
poiymer chains attached to the substrate surface and the molecular size of, 
for example, the probe to be attached, this ratio may range from about 75 

1 0 mol% Initiator/25 moI% dummy to about 10 mol% initiator/ 90 mol% dummy. 
The surface density of initiator or initiator-control adducts can be 
expressed as a normalized value representing the ratio of the available 
substrate surface functionalities having an initiator (or initiator control adduct) 
attached thereto to the total number of such available substrate surface 

1 5 functionalities. For example, when substantially all of the available substrate 
surface functionalities have an initiator (or initiator control adduct) attached, 
then the surface is considered to have a polymer chain population distribution 
of about 1 (assuming each surface bound initiator acts as a site for the 
initiation of a polymer chain). Further, when about 50% of the available 

20 surface functionalities have an Initiator (or Initiator control adduct) attached 
and the remainder of the surface functionalities have a dummy molecule 
attached, then the surface is considered to have a polymer chain papulation 
distribution of about 0.5. Similarly, when about 25% of the available surface 
functionalities have an initiator (or initiator control adduct) attached and the 

25 remaining 75% of the surface functionalities have a dummy or spacer 

molecule attached, then the surface is considered to have a polymer chain 
population distribution of about 0.25. 

Moreover, the population distribution of initiator or initiator-control 
adducts may be estimated, as a first approximation assuming equally 

30 competitive binding, based on the relative amount of dummy or spacer 

molecules to, when present, the amount of initiator (or initiator-control adduct) 
in the polymerization mixture. In this manner, those of skill in the art will 
appreciate how to adjust the population distribution of the polymer chains on 
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the substrate surface, as may be desirable for a particular sensor or 
application. The chain population distribution, based on the fraction of initiator 
on the surface to the total number of surface sites (assuming all are occupied 
by either initiator or dummy molecules), may range from about 0.01 to about 
5 1 , more typically from about 0.2 to about 0.8. 

In this regard it is to be noted that, as further described herein (see, 
e.g. , discussion below under the heading "Density Calculation"), grafting 
density may also be calculated based on the molecular weight of the polymer 
chain segments and the thickness of the polymer layer on the substrate 

1 0 surface. Generally speaking, segment grafting density may range, for at least 
some embodiments, from greater than about 0.001. 0.01, 0.1 or event 1 
picomole/cm 2 to greater than about 100 plcombles/cm 2 or more. Typically, 
however, the segment grafting density will range from less than about 1 
picomole/cm 2 to about 100 picomoles/cm 2 , from about 2 to about 75 

1 5 picomoles/cm 2 , from about 5 to about 55 picomoles/cm 2 , from about 1 0 to 
about 45 picomoles/cm 2 , or from about 1 5 to about 35 picomoles/cm 2 . 

Density Control - Controlled Quenching Of "Living" Segment Termini 

20 In the case of a "Irving" system, the termini of the polymer chain 

segments or blocks which have been formed remain active once all of the 
monomer present has been consumed or reacted. As a result, additional 
chain block or segment growth will occur if more monomer is added to the 
surface. In such instances, the surface density of these subsequent 

25 segments will be dependent upon the density of the reactive or living segment 
ends. Accordingly, the density of these subsequent segments can be 
reduced, relative to the number of living segments ends, by first rendering a 
portion of these ends inactive (i.e., terminating or quenching the "living" ends, 
such that they are incapable of re-initiating polymer chain growth). 

30 Quenching can be achieved by a number of means, including for 

example chemical, thermal and photochemical. More specifically, quenching 
can be achieved, for example, by means of: (I) photobleaching, typically 
employed with photoiniferter systems, wherein the surface is subjected to UV 
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irradiation at a given wavelength (e.g., 254 nm, 366 nm t etc.) for a given 
period of time (e.g., from about a few minutes (about 2, 5, 10, 20, 30 or more), 
up to a few hours (e.g., about 2, 4, 6, 8 or even 10)), the light intensity and/or 
duration of irradiation varying in order to achieve the desired rate and degree 
5 of inactivity; 00 thermal treatment typically employed with nitroxide systems, 
wherein the substrate is heated at a given temperature for a given period of 
time, the temperature and/or duration of the thermal treatment varying in order 
to achieve the desired rate and degree of inactivity; and, (iii) chemical 
treatment, typically employed with ATRP (atom transfer radical 

1 0 polymerization) systems, wherein for example the active alkyl halide group is 
subjected to nucleophilic displacement of the halide. 

It Is to be note in this regard that the degree of quenching, in the case 
of the UV/iniferter system, can in some Instances also be further dependent 
upon the Initial concentration of monomer in a solvent (and more specifically a 

1 5 solvent which may lead to a transfer reaction), used in the synthesis of the 
first, hydrophobic layer. For example, It is possible that for a given monomer 
(e.g., t-butyl acrylamide) and solvent (e.g M DMF), or a particular type of 
solvent, the "Hvingness" of the system, and therefore the deactivation or 
quenching process, can be affected. Furthermore, as the dissociation- 

20 recombination between the growing center and the scavenger radical is still 
occurring in the process, a lower concentration of monomer will decrease the 
rate of propagation and, therefore, Increase the probability of either 
dissodatioli-reoombination or side reactions that would "deactivate the active 
centers. Additionally, the type of control or chain transfer agent employed 

25 may also impact the degree of quenching achieved for a given set of 

conditions (e.g., duration, wavelength, eta), more or less stable agents taking 
more or less time, respectively, to quench. Accordingly, it Is to be noted that 
these factors are to be considered when determining the duration of 
irradiation and light intensity to be employed, in order to achieve the desired 

30 degree of quenching. 

In at least some embodiments, use of the photolniferter process is 
preferred for growth of the polymer brush, as further described herein, and 
more specifically the first layer of the polymer brush, followed by 
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photobleaching of the substrate surface prior to the growth of a second 
polymer layer. Without being held to a particular theory, it is generally 
believed that, for at least a fraction of the reactive ends, the dithocarbamate 
extremity of the iniferter cleaves to form a polymer radical and a 
5 dithocarbamyl radical, which eventually decomposes. 

Regardless of the manner by which quenching Is achieved, the number 
of reactive chain segment ends or termini which remain after quenching has 
occurred can range from about 10%, 20%, 40%, 60%, 80%, 90% or more, 
relative to the number of reactive chain segment ends prior to treatment. As a 
1 0 result the density of a subsequent polymer block (e.g., hydrophilic block, such 
as a block comprising a water-soluble or water-dispersible segment) can be 
. controlled. 

In this regard it is to be noted that, when quenching of some form is 
employed, control of the Initiator to spacer or dummy molecules initially placed 

1 5 on the substrate surface, for growth of the first polymeric (e.g., hydrophobic) 
layer, is not narrow critical. Stated another way, if quenching Is to be 
employed, the density of the second layer being formed can be controlled 
exclusively in this way, or by some combination of quenching and initiator to 
dummy ratio (for growth of the first layer). In one preferred embodiment, 

20 wherein a highly dense first layer is desired, only initiator will be placed on the 
substrate surface, the density of the second layer being controlled exclusively 
by means of the quenching process. 

Additionally, it is to be noted that when a two layer brush (or more) is 
formed, the chain (or block) density of the second layer may be expressed in 

25 terms of the number of blocks relative to the total number of attachment sites 
on the substrate surface. Accordingly, in view of the discussion provided 
herein below with respect to density, it is to be noted that in some instances 
only a fraction of the attachment sites mil ultimately be linked to a second 
polymer chain block (e.g., 1%, 2%, 3%, 4%, 5% p 10%, 20%, 30%, 40%, 50%, 

30 60% or more), while in others substantially all of the of the attachment sites 
will be linked to a second polymer chain block (e.g., 70%, 80%, 90% or more). 



: 
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Density Control -Probe/Molecular Size 

As previously noted, the density of chain segments Is an important 
consideration when optimizing both functional group accessibility for probe 
5 attachment, as well as probe accessibility for the attachment of a molecule of 
Interest (i.e., the molecule for which the assay is being performed). Referring 
to Fig. 7, to a point, the efficiency of probe attachment or loading, as well as 
attachment or hybridization of the target molecule, Increases as the polymer 
segment density increases. However, at some point a density threshold is 

1 0 reached, at which chain crowding begins to limit the number of probes that 
can be attached (and thus the number of molecules that can be hybridized). 
Generally speaking, the density at which crowding becomes a factor tends to 
decrease as the size of the probe or target molecule increases. This 
relationship holds particularly true when large probes or target molecules are 

1 5 involved, having average molecular diameters ranging from about 25 
angstroms up to about 300 angstroms (e.g., from about 50 to about 250 
angstroms, or from about 75 to about 1 50 angstroms), or more. 

In such situations, the density of the polymer chain segments attached 
to the substrate surface can be controlled, for example, by using and initiator 

20 to spacer or dummy molecular ratio on the surface of about 2:98, about 3:97 
or even about 4:96; that is, the density Is controlled such that the ratio of 
polymer chain segments to the sum of polymer chain segments and spacers 
ranges from about 0.02:1 toabout0.1:1, or from about 0.04:1 to about 0.08:1. 
Similarly, in those Instances wherein a first hydrophobic layer is grown from 

25 the substrate surface, followed by the growth of water-soluble or water- 

dispersible segments or blocks there from, the density of the water-soluble or 
water-dlspersible segments can be controlled by quenching about 96%, 97% 
or even 98% of the reactive or "living" polymer segment ends (by, for 
example, those methods described above). 

30 
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Initiators 

As noted elsewhere herein, and as shown in Figs. 2-5, In one 
embodiment of the present invention the initiator is capable of initiating free 
5 radical polymerization with living-type kinetics. Useful molecules for this 
purpose are initiator-control agent adducts that decompose in situ to yield a 
control agent and a free radical Initiator. "Control agent" is generally used 
herein to refer to a molecule that comprises a free radical that cannot initiate a 
polymerization under polymerization conditions, such as those discussed 
1 0 herein. The initiator-control agent adduct can be characterized by the general 
formula: 



Y O N 

where Y is a residue capable of initiating a free radical polymerization upon 
1 5 cleavage of the Y— O bond (Y being more fully defined below) and each R, 

which may be the same or different, is independently selected from the group 

consisting of hydrocarbyl and substituted hydrocarbyl. Optionally, the two R 

groups may be Joined together; that is, each R may be linked to the other by, 

for example, a hydrocarbylene or heterohydrocarbylene moiety, forming a 
20 heterocyclic ring structure with the nitrogen atom. Many free radical control 

initiators of this type have been disclosed previously, for example, In U S. 

Patent No. 4,581,429, WO 98/30601, WO 96/24620, and WO 99/03894, each 

of which is incorporated herein by reference. 

Again, the above formula shows the initiator-control agent adduct 
25 without the linker. For addition to the surface with a linker, the starting 

molecule takes the form (LJr-Y— O — NR 2 , with the same definitions for L, Y, 

R and z as provided elsewhere herein. 

In some embodiments, however, the control agents used In this 

invention are preferably nitroxide control agents having an alpha-destabilizing 
30 moiety, X, with alpha-hydrido nitroxide control agents being particularly 
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preferred in such embodiments. Particularly preferred control agent-initiator 
adducts capable of generating these control agents can be characterized by 
the general formula: 



where each of R 1 , R 2 and R 3 may be the same or different, and are 
independently selected from the group consisting of hydrogen, straight chain, 
branched or cyclic substituted or unsubstituted hydrocarbyl groups, Including, 

10 for example, alkyl, substituted alkyl, cycloalkyi, substituted cycloalkyl, 

heteroalkyl, heterocycloalkyl, substituted heterocycloalkyl, aryl, substituted 
aryl, heteroaryl, substituted heteroaryl, alkoxy, aryloxy, silyl, boryl, phosphino, 
amino, thio, seleno, and combinations thereof. R 1 and R 2 also. may be joined 
together In a cyclic ring structure; likewise, R 2 and R 3 may also be Joined 

1 5 together In a cyclic ring structure that may have fused with it another 
saturated or aromatic ring. 

It is to be noted that the above formula shows the initiator-control agent 
adduct without the linker. For addition to the surface with a linker, the 
molecule takes the form (L)z— Y— 0— NR 3 (CR 1 R 2 X), with the same definitions 

20 forL,Y,R 1 ,R 2 ,R 3 ,Xandz. 

The moiety X that is capable of destabilizing the free radical such as, 
for example, a hydrogen or phosphate group. In this regard it is to be noted 
that by "destabilizing moiety" or "capable of destabilizing" it Is meant that the 
moiety, X, allows the free radical to destabilize, decompose, destroy, or 

25 otherwise remove itself from the reaction (e.g. spontaneously or by Interaction 
with another such control agent), or to be destabilized, be decomposed, be 
destroyed or be removed from the reaction by the addition of a reagent 
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It Is to be noted, however, that when X Is hydrogen, preferably the R 3 
moiety Is selected from among the group such that, relative to the nitrogen 
atom, no alpha hydrogens are present In R 3 . Stated another way, with regard 
to the preferred nitroxlde control agent-initiator adducts, generally represented 
5 by the above structure, ft is preferred that only one hydrogen atom is alpha to 
the nitrogen atom. Accordingly, when R 3 is aikyl, for example, It Is preferred 
that R 3 be a tertiary aikyl moiety. Furthermore, when X is hydrogen, rt is 
preferred that R 1 and R 2 be other than hydrogen, as well. 

For an aqueous solution polymerization, in at least some embodiments 
10 it is preferred that one of the R groups (R 1 , R 2 or R 3 ) includes a water- 
soiubilizing group, such as sulfonate, sulfate, carboxyiate, hydroxy!, amino, 
ammonium and the like, to enhance the solubility of the control agent. The 
presence of monomer in the reaction mixture can, in some cases, also 
enhance the solubility of the control agent 

In more specific embodiments, each R 1 , R 2 and R 3 is independently 
selected from a group consisting of aikyl, substituted aikyl, cycloalkyl, 
substituted cycloalkyl, heteroalkyl, substituted heteroalkyl, heterocycloalkyl, 
substituted heterocycloalkyl, aryl, substituted aryl, heteroaryl, substituted 
heteroaryl and sllyl. Specific examples of R 1 , R 2 and R 3 are methyl, ethyl, 
propyl, butyl, cyclopentyl, cyclohexyl, cyclooctyl, phenyl, benzyl, trimethylsiJyl, 
those specific moieties listed in the above definitions and the like. In 
alternative embodiments, R 1 , R 2 or R 3 may include a water-solubilizlng group, 
such as S0 3 G, where G is Na, K and the like. In a preferred embodiment. R 1 
is an aryl (such as phenyl), R 2 is an aikyl (such as isopropyi) and R 3 is either 
an aikyl or a heteroalkyl (such as (erf-butyl or MeaSiOCH^CHa^C). In an 
alternative preferred embodiment. R 1 is aryl (such as phenyl). R 2 Is a 
cycloalkyl (such as cyclohexyl or cyclopentyl) or a tertiary aikyl (such as tert- 
butyl) and R 3 is either a tertiary aikyl or a heteroalkyl (such as fert-butyl or 
MeaSIOCH^CHajzC). In still another preferred embodiment, R 1 is a 
substituted aikyl (such as NC(CH 3 )2C) and R 2 CNR 3 form a cyclic ring 
structure. 

Y is a residue capable of initiating free radical polymerization upon 
homolytic cleavage of the Y-O bond, including, for example, aikyl. 
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substituted alkyl, alkoxy, substituted alkoxy, heteroalkyl, substituted 
heteroalkyl, aryl, and substituted aryl residues. Use of such adducts can 
eliminate concerns about the speed of initiation of polymer chains, effectively 
Initiating all polymer chains at substantially the same time upon addition of the 
5 adduct to the monomer under polymerization conditions. The adducts may be 
prepared by methods known in the art, such as those disclosed in WO 
99/03894, which Is incorporated herein by reference. In another such 
embodiment, the control agent is generated in situ from the nitrone precursor, 
as is also discussed in WO 99/03894. The adducts are, for polymerization in 

1 0 aqueous solution, preferably water soluble, or at least water soluble in the 
presence of the monomer. 

In yet another embodiment, the adducts useful in this invention 
encompass compounds having a monomer, oligomer or polymer disposed 
between the Y residue and the oxygen atom of the adduct, as shown in the 

15 formula below. Thus, embodiments including compounds of the structure 
shown in this formula are within the definition of "adduct" as that term Is 
applied to the invention; that is, the growing polymer chain, as well as the 
"capped" chain, can themselves be considered adducts (with V — (M)n— being - 
considered the Y moiety). An adduct comprising an oligomer or polymer of 

20 this invention may be characterized by the formula: 




wherein: R 1 , R 2 , R 3 and X have the above-recited meanings and scope; Y* can 
25 be the same as Y (as recited above); M is one or more monomer units 
selected from the monomers described herein; and n is zero, 1, or greater 
than 1 . Thus, for example, when n is zero, the compound of the formula 
collapses to the compound of the previous formula. When n equals 1 , the 
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compound of this formula can be considered a first-monomer adduct. When n 
Is 2 or more, the compounds of this formula are considered to be oligomer 
adducts or polymer adduct All of such various adducts are capable of 
initiating me free radical polymerizations of the invention. 

The above formula shows the Initiator-control agent adduct without the 
linker. For addition to the surface with a linker, the molecule takes the form 
( L )z— Y— a — (M) r> -ONR 3 (CR 1 R 2 X) f with the same definitions for L, Y, R 1 , 
R 2 , R 3 , X and z. if attached to the surface, the previously defined C would be 
added to this formula. 

It is frequently convenient to generate the Y (or Y) radical in the 
presence of monomer and control agent, and to isolate an adduct where n 
ranges from 1 to about 5, is preferably 2 or 3, and is more preferably 1 . These 
are Isolable compounds that can be easily purified and used in subsequent 
polymerization processes of the invention. 

Monomers - 

Generally 

The polymers may be prepared from a variety of monomers. A 
particularly useful class of water-soluble or water-dispersible monomers, for at 
least some embodiments, features acrylamkJe monomers having the formula: 

R 4 

CH 2 =C 
I 

C=0 
R 5 ' N V 

wherein: R 4 is H or an alkyl group; and R 5 and R 6 , Independently, are selected 
from the group consisting of hydrogen, alkyl, substituted alkyl, cycloalkyl, 
substituted cycloalkyl, heteroalkyt, heterocycloalkyl, substituted 
heterocycloalkyl, aryl, substituted aryl, heteroaryl, substituted heteroaryl, 
alkoxy, aryloxy, and combinations thereof; R 5 and R 6 may be Joined together 
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in a cyclic ring structure, Including heterocyclic ring structure, and that may 
have fused with It another saturated or aromatic ring. One preferred 
embodiment is where R 5 and R 6 , independently, are selected from the group 
consisting of hydroxy-substltuted alkyl, polyhydroxy-substituted alkyl, amino- 
5 substituted alkyl, polyaminosubstituted alkyl and isothiocyanato-substltuted 
alkyl. In preferred embodiments, the polymers Include the acrylamide-based 
repeat units derived from monomers such as acrylamide, meihacrylamide, N- 
alkylacrylamide {e.g., N-methylacrylamide, N-terf-butylacrylamide, and N-n- 
butylacrylamide), N-aikylmethacrylamide (e.g., N-te/f-butylmethacrylamide 

1 0 and N-n-butylmethacrylamide), N.N-dialkyiacrylamlde (e.g., N,N- 
dJmethylacrylamide). N-methyl-N-(2-hydroxyethyl)acrylamide, N,N- 
dlalkylmethacrylamide, N-methylolmethacrylamkJe, N-ethylolmethacrylamide, 
N-methylolacrylamide, N-ethylolacrylamide, and combinations thereof. In 
another preferred embodiment, the polymers include acrylamidic repeat units 

15 derived from monomers selected from N-alkylacrylamlde, N- 

alkylmethacrylamlde, N.N-dialkylacrylamide and N.N-dialkylmethacryiamide. 
Preferred repeat units can be derived, specifically, from acrylamide, 
methacrylamide, N.N-dimethylacrylamide, and tert-butylacrylamide. 
Copolymers can include two or more of the aforementioned 

20 acrylamide-based repeat units. Copolymers can also include, for example, 
one or more of the aforementioned polyacrylamide-based repeat units in 
combination with one or more other repeat units. The monomers are selected 
such that the resulting copolymer contains water-soluble or water-dlspersible 
segments. Examples of other such repeat units include those derived from 

25 monomers suitable for forming copolymers such as styrene, substituted 
styrene, alkyl acrylate, substituted alkyl acrylate, alkyl methacrylate, 
substituted alkyl methacrylate, acryionitrile, methacrylonitrile, isoprene, 
butadiene, ethylene, vinyl acetate and combinations thereof. Functlonalized 
versions of these monomers may also be used. Specific examples Include 

30 methyl methacrylate, ethyl methacrylate, propyl methacrylate (ail isomers), 
butyl methacrylate (all Isomers), 2-ethylhexyl methacrylate, isobomyl 
methacrylate, methacrylic acid, benzyl methacrylate, phenyl methacrylate, 
methacrylonitrile, a-methylstyrene. methyl acrylate, ethyl acrylate, propyl 
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acrylate (all Isomers), butyl acrylate (all isomers). 2-ethyihexyl acrylate, 
isobornyl acrylate, achylic acid, benzyl acrylate, phenyl acrylate. acrylonitrile, 
stynene. glycldyl methacrylate, 2-hydroxyethyl methacrylate, 2-hydroxyethyl 
methylacrylate, hydroxypropyl methacrylate (all Isomers), hydroxybutyi 
5 methacrylate (all isomers), N.N^imethylamlnoethyl methacrylate, N,N- 
diethylaminoethyl methacrylate, triethyleneglycol methacrylate, Itaconic 
anhydride, itaconic acid, glycldyl acrylate, 2-hydroxyethyl acrylate, 
hydroxypropyl acrylate (all isomers), hydroxybutyl acrylate (all isomere). N N- 
dimethylaminoethyl acrylate, N.N-diemylaminoethyl acrylate, triethyleneglycol 
10 acrylate, vinyl benzoic acid (all isomers), dlethylaminostyrone (all isomers), a- 
methylvinyi benzoic acid (all Isomers), diethylamino a-methylstyrene (all 
Isomers), p-vinylbenzene sulfonic acid, p-vinylbenzene sulfonic sodium salt, 
trimethoxysilylpropyl methacrylate, triethoxysilylpropyl methacrylate, 
tributoxysilylpropyl methacrylate, dimethoxymethylsilylpropyl methacrylate, 
dlethoxymethylsilylpropyi methacrylate, dibutoxymethylsilylpropyi 
methacrylate, diisopropoxymethylsilylpropyl methacrylate, 
dimethoxysllylpropyl methacrylate, diethoxysilylpropyl methacrylate, 
dibutoxysilylpropyl methacrylate, diisopropoxysllylpropyl methacrylate, 
trimethoxysilylpropyl acrylate, triethoxysilylpropyl acrylate, tributoxysilylpropyl 
acrylate, dimethoxymethylsilylpropyl acrylate, diethoxymethylsilylpropyl 
acrylate, dibutoxymethylsilylpropyi acrylate. diisopropoxymethylsilylpropyl 
acrylate, dimethoxysllylpropyl acrylate, diethoxysilylpropyl acrylate, 
dibutoxysilylpropyl acrylate, diisopropoxysllylpropyl acrylate. malelc 
anhydride, N-phenylmaleimide. N-butylmalelmide, butadiene, isoprene, 
chloroprene. ethylene, vinyl acetate, 2-{2^xo-1.imidazolidinyl)ethyl 2-methyl- 
2-propenoate,1-[2-n2-hydroxy-3-(2-propyl)propyI)]amino]ethyl]-2- 
imidazolidinone, N-vinyl pyrrolldone, N-vinyl Imidazole, crotonlc acid, vinyl 
sulfonic acid, and combinations thereof. 

As further described herein, it Is to be noted that the attachment of 
probes or other molecules to the water-soluble or water-dispersible segment 
of the polymer chain may be achieved by a number of ways including, for 
example: (i) post-polymerization activation and derivation (wherein the 
probe molecules react with the functional moieties on the segments after 
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polymerization, and after the moieties have been activated, as further 
described herein); (It) post-polymerization derivatization (wherein the probe 
molecules react directly with active functional moieties, the moieties having 
been formed in their active state as part of the polymerization process); and, 
5 (iii) the monomers are modified so as to include the probe molecules prior to 
polymerization. Alternatively, however, it is to be further noted that these 
water-soluble or water-dispersible segments can be derived from hydrophobic 
polymers prepared from hydrophobic monomers, these polymers 
subsequently being made water-soluble or water-dispersible by means of, for 
10 example, allegation, phosphorylation, carboxylation, amination, sulfonation, 
sulfatation, metallation and the like. 

Monomers Which Do Not Require 
Activation For Probe Attachment 

15 

As previously noted, the attachment of probes or other molecules to 
the water-soluble or water-dispersible segment of the polymer chain may be 
achieved by a number of methods including, for example, subjecting the 
functional groups (e.g., hydroxyl or amino groups) of these segments to some 

20 activation process (I.e., some linking chemistry to enable probe attachment). 
However, in some embodiments of the present invention, the monomers from 
which the polymer chains are derived may themselves possess functional 
groups that will directly attach the probe molecules; that is, the monomers 
from which the polymer chains attached to the substrate surface are derived 

25 may possess functional groups that will directly react with and attach the 
desired probe molecules, without the need of some additional derivatization 
step (e.g., linking chemistry, such as hydroxylatJon or amination) to activate 
the functional groups for probe attachment. 

Generally speaking, in some embodiments of the present invention the 

30 monomer may be represented by the following formula: 
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P 

wherein P is a functional group that polymerizes in the presence of free 
radicals (e.g., a carbon-carton double bond), and E is a group that can react 
5 with the probe of Interest and form a chemical bond therewith. The bond 
which forms between E, or a portion thereof, and the probe in most cases is 
covalent, or has a covalent character. It is to be noted, however, that the 
present invention also encompasses other type of bonds or bonding (e.g., 
hydrogen bonding, tonic bonding, metal coordination, or combinations 
1 0 thereof). One example of the latter is when the E group contains a metal 
complexing agent that can bind a protein through a mixed complex: E can be. 
for instance, a ligand, such as Iminodiacetic acid that can bind hlstidine 
tagged proteins through Ni mixed complexes. 

In another embodiment, E is a phenylboronlc acid moiety, which can 
15 strongly complex to biological probes that contains certain polyoi molecules 
(e.g., 1 ,2 -cis diols or other related compounds). In one preferred 
embodiment, E is an electrophlllc group that, upon reaction with a 
nucieophilic site present in the probe, forms a chemical bond with the probe. 
Such activated monomers include, but are not limited to, N- 

20 hydroxysucdnlmldes, tosylates, brosylates, nosylates, mesylates, etc. In 
other embodiments, the electrophilic group consists of a 3- to 5*membered 
ring which opens upon reaction with the nucleophlle. Such cyclic 
eJectrophiles include, but are not limited to, epoxides, oxetanes, aziridines, 
azetidines, eplsulfides, 2-oxazolln-5^nes, etc. In still other embodiments, the 

25 electrophilic group may be a group wherein, upon reaction with the 

nucieophilic probe, an addition reaction takes place, leading to the formation 
of a covalent bond between the probe and the polymer. These electrophilic 
groups include, but are not limited to, maleimide derivatives, acetylacetoxy 
derivatives, etc. 

30 With respect to X, it is to be noted that when present (i.e., when m is 

not equal to zero), X represents some linking group which connects P to E, 
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such as in the case of X linking an unsaturated carbon atom of P to an 
electrophilic E group. X may be, for example, a substituted or unsubstituted 
hydrocarbylene or heterohydrocarbylene linker, a hetero linker, etc., including 
linkers derived from alkyl, ammo, aminoalkyl or aminoalkylamido groups. In 
5 such instances, m is an integer such as 1 , 2, 3, 4 or more. In other 
embodiments (i.e., when m is equal to zero), P is directly bound to E. 

In one preferred embodiment, X is a linker generally represented by the 
formula 

O 

10 

wherein n is an integer from about 1 to about 5, and m Is an integer from 
about 1 to about 2, 3, 4 or more. In one such embodiment preferred 
monomers Include those having an N-hydroxysuccinimide group. For 
example, certain of such monomers may generally be represented by the 
15 following formula: 



R 4 

H 2 C=C 




( r7 )w25 

wherein R 4 Is a hydrogen or an akyl substituted, and R 7 is one or more 
substituents (i.e., w is 1 , 2, 3, 4) selected from the group consisting of 
hydrogen substituted or unsubstituted hydrocarbyl (e.g., alkyl, aryl, 
30 heteroalkyl), heterohydrocarbyl, alkoxy, substituted or unsubstituted aryl, 
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sulphates, thioethers, ethers, hydroxy, etc. Generally speaking, R 7 can 
essentially any substituent that does not substantially decrease the 
hydrophilic of the water-soluble orwater-dlspersible segment in which it is 
contained, in this regard it is to be noted that a number of substituted 
succlnimide compounds are commercially available and are suitable for use ii 
the present invention. 

Among the particularly preferred monomers is included N- 
acryloxysuccinimide and 2-(methacryloyloxy)ethylamino N-succtnimidyl 
carbamate, which are generally represented by the formulas: 



where R 4 , R 7 and w are as previously defined. Also preferred are those 
monomers represented by formulas (Hi) and (iV) below, wherein the terminal 
carbonyl-oxo-succlnimide group is positioned further from the polymer chain 
backbone by the presence of a amlnoalkyl or aminoalkylamido linker (i.e., 
"X"), respectively: 



10 
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R 4 

H 2 C=i 
I 

I 

NH 

c=o 



I 

o 
I 




(III) 

R 4 
I 

H 2 C=C 
I 

c=o 




(IV), 
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where R 4 , R 7 , n and w are as previously defined. Alternatively, however, 
monomers such as 2-(methylacryloyloxy)ethyl acetoacetate, glycidyl 
methacrylate (GMA) and 4.4-dlmethyl-2-vlnyl-2-oxazolin-5-one, generally 
represented by formulas (V), (VI) and (VII), respectively, may also be 
employed (wherein R 9 is hydrogen or hydrocarbyl, such as methyl, ethyl, 
propyl, etc., as defined herein). 

0 O 

(V) (VI) 




(VII). 



One or more of the above referenced monomers (e.g., N- 
acryloxysuccinimide, 2-(methylacryloyloxy)ethyI acetoacetate, glycidyl 
methacrylate and 4,4-dimemyl-2-vinyl-2-oxazolii>5-one) are commercially 
available, for example from Aldrich Chemical Company. Additionally, 
monomers generally represented by formulas (III) and (IV), above, may be 
prepared by means common In the art, such as by employing the reaction 
scheme generally represented in Figure 8a and 8b, respectively (wherein In 
each case n =1). 
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It is to be noted that such monomers may advantageously be 
employed in any of the polymerization processes described herein, including 
n'rtroxide and iniferter Initiated systems. 

5 

Monomers Which Display Pre-Coupled Probes 

As one alternative to the "pre-activated" embodiment described herein, it is to 
be noted that polymers can also be formed from monomers that already 

1 0 display or possess the molecular probes of interest. In this approach, the 
polymerization process forms a brush which already contains the biological 
probes of interest, thus eliminated the subsequent steps of polymer activation 
and/or probe attachment By way of illustration, (i) monomers that display or 
contain a ligand such as blotin are capable of binding proteins from the avidin 

1 5 family, (ii) monomers that display a particular sequence of oligonucleotide are 
capable of hybridizing nucleic acids containing the complementary sequence, 
(iii) monomers that display a molecular drug candidate may be used to screen 
proteins that interact or bind or are inhibited by the monomer's active 
moieties. 

20 it is to be noted that, In some instances, the size of the probe attached 

to the monomer may need to be taken into consideration, In order for example 
to avoid hindering the efficiency of the polymerization process. In such 
instances, the probe to monomer size ratio is typically less than 1 00:1 , and — 
preferably is less than about 50:1 , more preferably less than about 20:1 , still 

25 more preferably less than about 10:1 , and still more preferably Is less than 
about 5:1 (e.g., less than about 4:1 , 2:1 , or even 1 :1). 

Additionally, It is to be noted that depending on the class of the probe, 
the probe may bear a molecular moiety (such as, for example, an amine 
group, a carbonyl group, a thiol group, etc.) that may be vulnerable to, or also 

30 interfere with, the process of polymerization. In this event, the probe itself 
may need to be chemically protected during the polymerization reaction, using 
means known in the art. In such instances, a subsequent deprotection step 
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may be need, if for example the protecting group interferes with probe affinity 
or recognition after polymerization. 

These pre-formed monomers may display several classes of probes, 
which are described further herein below. As an example, one class of 
suitable probe for certain embodiments is nucleic acid-containing probes, 
such as nucleic acid polymers (i.e., DNA. RNA, PNA and derivatives thereof), 
as further described herein. Nucleic acid polymer probes are generally at 
least about six nucleotides in tength, and can range in size up to the length of 
an entire chromosome. Typically, nucleic acid probes are oligonucleotides 
that are about 8 to 100 nucleotides In length (e.g., ranging from about 15 to 
30, 40, 50 nucleotides) or complementary DNA fragments ("cDNA") that are 
partial or complete (e.g., having 100 to 5,000 nucleotides). Amino add 
polymers, such as polypeptides, represent a second dass of useful probes. 
Additional probes are described further below. 

The Polymerization Process- Preparation of Polymer Brushes 

in one embodiment of the present invention, the polymerization 
reaction is a controlled, Jiving free radical polymerization readion (such as 
that of the type generally described in Husseman et al., Macromolecules 
1999, 32, 1424-31, the contents of which are hereby incorporated by 
reference). More spedficaily, In the process, the substrate surface is 
analyzed to estimate or specifically determine the amount of surface 
fondionalitles that are available for binding the polymer chains via one of the 
methods discussed herein. If necessary, the surface is modified to adjust the 
amount (e.g., concentration per unit area or location on the surface) and type 
of surface functionality, for example by acid treatment or coating the surface. 
After the surface is prepared, In accordance with various embodiments of the 
present invention, the initiators, Initiator-control adduds and/or dummy or 
spacer molecules may be attached to the surface via the surface 
functionalities; that is, once the substrate surface has been prepared, one or 
more of these may be attached to the surface or, alternatively, added in 
solution at some point during the polymerization process (as former described 
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in detail below in the general procedure portion of the example section). In 
those embodiments wherein the surface is to be further modified, typically 
before doing so the desired surface grafting density of the polymer chain 
segments is determined. 
5 In those embodiments wherein the substrate surface is further modified 

prior to initiation of polymerization, such as by the attachment of initiators or 
Initiators-control adducts and/or dummy molecules to the substrate surface, 
the substrate surface Is generally referred to herein as a "derivatized surface. 0 
Subsequently, the derivatized surface is placed into a polymerization system 

10 that contains the desired monomers. As discussed below, unbound or 'Tree" 
initiators or initiator-control adduct, which generally refers to initiators or 
initiator-control adducts that are not bound to the substrate surface, can also 
be included in the polymerization system. Accordingly, in one embodiment 
the polymerization system includes at least the desired monomers, the 

1 5 derlvatlzed surface and the unbound Initiators or initiator-control adducts 
under polymerization conditions, while in a second embodiment no unbound 
initiators or initiator-control adducts are present in the polymerization system. 

For controlled radical polymerizations generally, when present, the 
number of unbound initiators or initiator-control adducts may be greater than 

20 the number of bound Initiators or initiator-control adducts. The addition of 
unbound initiators or initiator-control adducts, therefore, creates an overall 
concentration of control agent in the polymerization system which is believed 
to control the growth of both bound (insoluble) arid unbound (e.g.; typically ~ 
soluble) polymer chains. In general, depending on the surface and the 

25 method used to polymerize the polymer, a useful range for the ratio of the 
number of unbound initiator or initiator-control agent adduct to number of 
surface bound initiator or initiator-control agent adduct is from about zero:1 to 
about 1 x 10 7 :1 . Thus, when the ratio is zero, there is no unbound initiator or 
initiator-control agent adduct In those embodiments wherein unbound 

30 initiator or initiator-control agent adduct is present, preferably this ratio is not 
less than about 10:1, where the unbound initiator or Initiator adduct is at least 
10 times greater than the bound initiator or initiator adduct. 
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By having both bound and unbound adducts, polymerization results in 



the formation of both bound and unbound polymers. The unbound polymer 
oan then be removed, e.g., by washing the derivatized substrate with water or 
other solvent to yield the article. As discussed elsewhere, the bound polymer 
5 chain ends may be modified, for example to remove the control agent and 
replacement of the same with a functionality. Also, it will be appreciated by 
those of skill In the art that only the derivatized surface, or a portion thereof, 
needs to be exposed to the polymerization system. In other embodiments, 
the entire substrate may be immersed in the polymerization mixture. 

10 Using both bound and unbound adducts overcomes the problem 

associated with many surface polymerizations of not being able to form a 
sufficient number of polymer chains bonded to the surface. Moreover, 
because both the bound and unbound polymers are formed under the same 
conditions, they can have substantially the same composition. Accordingly, 

15 the unbound polymer can be analyzed to determine properties such as 

molecular weight, extent of branching, etc and thereby provide a convenient 
way of determining the properties of the bound polymer without disturbing the 
bound polymer. Furthermore, the molecular weight of the unbound polymer 
can be correlated with the thickness of the polymer layer on the surface. The 

20 amount of incorporated functional group containing co-monomer can be 
determined by 1 H NMR spectroscopy of the unbound polymer. 

It is to be noted, however, that "free" initiator is not required and, in 
some cases, may preferably be absent from the polymerization system. 
When free initiator is not present, the polymerization reaction may be 

25 controlled by using an unbound control agent in the polymerization mixture 
such as, for example, a nitroxide radical control agent having the general 



formula: 



R 2 R 1 




• O 



N 
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In this approach, polymer growth is monitored by measuring the polymer layer 
thickness (e.g. by ellipsometry). The molecular weight may then be 
calculated from the thickness of a substrate with a known density of initiating 
5 sites. The appropriate concentration of the stable free radical to be added to 
the polymerization mixture may be determined empirically, or it may be 
deduced from ESR experiments performed. 

Conducting the present process in this manner (i.e., in the absence of 
free initiator) Is advantageous for a number of reasons. For example, 

1 0 because initiator is not present In solution, essentially no polymer is formed 
therein, which facilitates the washing procedure; that is, because essentially 
no polymer is formed in the solution, repeated washings are not required to 
remove the 'free 11 polymer from the surface. In addition, the approach is 
comparably more cost effective as a result of the fact that significantly less of 

1 5 what is typically very expensive polymerization initiator can be used. 

When no "free" initiator or initiator-control agent adduct Is used, chain 
length may be tuned by the concentration of control agent in solution and the 
reaction time. For example, high concentrations of control agent will need 
longer reaction times in order to grow polymers of a given molecular weight. 

20 In general, depending upon the surface and the polymerization method used, 
a useful range of control agent concentration is 1 x 10* mol/L to about 1 x 10" 1 
mol/L. 

in one embodiment, the control agent is preferably the nitroxide radical 
control agent depicted above. However, other preferred embodiment of the 
25 present invention, other methods are employed, such as ATRP or iniferter (as 
further described below), where the control agent is generally a ligated metal 
at a high oxidation state or a drthio compound, respectively. 

Iniferter Process - 
30 Generally 

When using the iniferter process, the surface-bound initiator has a 
general formula: 
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Cr 




Y- 




.G 



S 



wherein S is sulfur and L, Y, C, q, r and t are as defined elsewhere herein (Y 
5 in particular being a residue which, upon cleavage of the Y-S bond, is capable 
of initiating free radical polymerization, preferably with living-type kinetics). 
Additionally, G is nitrogen or oxygen (such as in the case of NR 2 2 and OR 3 , 
respectively, R 2 and R 3 being as defined herein but typically being 
hydrocarbyl). The control agent has the general formula: 



wherein G is as defined above. The reaction is triggered by UV initiation. 
Such an approach is further described herein with reference to nitroxide- 
medlated IMng free radical polymerizations. 



20 As noted, the polymer brushes of the present Invention may be formed 

by several polymerization methods which are standard in the art, including 
free radical polymerization, and preferably free radical polymerization having 
living-type kinetics. Such reactions can be carried out using a number of 
initiators or Initiating systems, including nitroxides with heat and 

25 photoiniferters with UV. 
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Inlferter Process - 

Photoiniferter Process 
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In this regard it is to be noted that "photoiniferters 0 may at times be 
referred to herein generally as initiators or iniferter Initiators. 

It has been found that, for at least some applications, the iniferter 
initiators are advantageous for a number of reasons. For example, in 
5 comparison to most nitroxide initiators: (i) photoiniferters are significantly less 
expensive; and, (ii) photoiniferters can be used with a number of different 
monomer types, enabling a much larger variety of polymers to be formed. 
Additionally, because polymerization essentially occurs only while the system 
is exposed to UV light, greater control over the polymerization process is 
10 possible. 

Generally speaking, the photoiniferter-initiated polymerization process 
may be carried out by means common in the art (See, e.g., T. Otsu et al M 
Controlled Synthesis of Polymers Using the Iniferter Technique: 
Developments In Living Radical Polymerization, Advances In Polymer 

15 Science, 136, pp. 75-137 (Springer-Verlag 1998), which Is incorporated herein 
by reference.) Furthermore, the polymerization process may be carried out in 
bulk or it can be performed in solution (a solvent being used to solubilize the 
monomer, for example). Although various wavelengths for UV irradiation can 
be employed (e.g., 254, 365, 366 nm), 366 nm has been found to be suitable 

20 for most applications. When using the iniferter process, a surface-bound 
initiator having a general formula as provided above is typically employed. 
Preferably, however, embodiments of such initiators include, for example, the 
surface bound initiators represented by formulas (I) and (il), beiow: 



25 
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wherein V generally represents essentially any linker which does not interfere 
with surface bonding of the silyl group (e.g., substituted or unsubstituted 

10 hydrocarbylene, Including alkylene, arylene, alkarylene, etc.). 

It is to be noted that essentially any of the photoiniferters known in the 
art can be used in the present invention (such as those disclosed by Braun f 
wherein initiation is achieved with the loss of nitrogen gas), provided they can 
be bound to the substrate surface in some way (such as, for example, using 

15 the silyl linkage shown). 

While this approach can generally be applied to all of the methods for 
preparing polymer brushes described herein, as further noted below, the 
iniferter process may be particularly well suited for the preparation of a 
multilayer brush. More specifically, the iniferter process may be particularly 

20 well suited for those applications wherein control of the polymer chain density 
of a second layer on the substrate surface is desired, such as wherein a first 
hydrophobic layer is grown from the substrate surface (the iniferter being 
. Inltlaily attached to the substrate surface), followed by the growth of a second 
water-soluble or water-dispersible layer (wherein water-soluble or water- 

25 dispersible segments are growth from a portion of the hydrophobic segment 
ends or termini which are capped by "living* iniferter molecules). 

Accelerators 

30 if desired, one or more accelerators may be added to the reaction 

mixture. Examples of suitable accelerators include alkylating and acylating 
agents, Lewis Acids, ketones, aldehydes, anhydrides, add esters, irnides, 
oxidants and reducing agents. Specific accelerators include acetic acid, 
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acetic anhydride, camphor sulfonic acid, other sulfonic acids, acetole (1- 
hydroxyacetone) and the like. Other accelerators useful herein are recited in 
Hawker et al., "Development of a New Class of Rate-Accelerating Additives 
for Nitrox/de-Mediated 'Living' Free Radical Polymerization," Tetrahedmn, Vol. 
53, No. 45, pp. 15225-15236 (1997), which is incorporated herein by 
reference. 

Process Conditions/Parameters 

Polymerization reaction conditions may be adjusted to control the 
polymer length and architecture. Polymerization conditions include a 
temperature in the range of from about minus 40°C to about 300°C, preferably 
between about 25°C and about 200°C, more preferably between about 50°C 
and about 150°C, and most preferably between about 70°C and about 13Q°C. 
Alternatively, the temperature may be between about room temperature and 
250°C. Polymerization conditions also include a pressure between about 
ambient pressure up to about 100 atmospheres. The atmosphere may also 
be one of the polymerization conditions, and the atmosphere may be air, 
nitrogen, argon or another suitable atmosphere. Polymerization conditions 
also include the time for reaction, which may be from about 0.5 hours to about 
72 hours, preferably in the range of from about 1 hour to about 24 hours, more 
preferably in the range of from about 2 hours to about 12 hours. The ratios of 
components (e.g;; initiators/control agents, monomers and accelerators) in the 
polymerization mixture may be important. The initiator to free radical control 
agent ratio (with the assumption that the amount of initiator is approximately 
equivalent to the number of radicals produced) is typically in the range of from 
about 1:0.1 to about 1 :4, more preferably the range of from about 1:0.3 to 
about 1 :2 and most preferably the range of from about 1 :0.4 to about 1 :1 .6. 
Another ratio that may be controlled is the monomer to initiator (or initiator- 
control adduct) ratio, which typically is In the range of from about 10:1 to 
about 10,000:1, more preferably the range of from about 100:1 to about 
10,000:1 and most preferably the range of from about 100:1 to about 1000:1. 
When an accelerator Is present the ratio of free radical control agent to 
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accelerator is typically in the range of from about 1:0.1 to about 1:4, more 
preferably the range of from about 1 :0.3 to about 1 :2 and most preferably the 
range of from about 1 :0.4 to about 1:1-6. 

It Is to be noted here that, In the case of living-type polymerizations 
5 when an excess of unbound initiator or initiator-control agent (as discussed 
above) is used, it is this excess of unbound initiator or initiator-control agent 
that determines the monomer to initiator ratio, and thus the molecular weight 
of the polymer chain in solution as well as on the surface. 

A single substrate may have more than one type of polymer chain, 

1 0 including polymer chains with different types, numbers and spacing of 
functional groups, polymer chains with different molecular weights, etc. In 
addition, different areas of the substrate surface may feature different 
arrangements and/or densities of polymer chains. In this way, a single 
substrate can, if desired, perform multiple analytical operations, making the 

15 derivatized substrates particularly useful for complex nucleic acid 
hybridization studies. 

Polymer Architecture 

20 The polymer architecture (including, far example, the identity and 

length of the polymer chains; the extent, if any, of branching within the chain; 
the concentration of functional groups, the thickness of the resulting polymer 
layer, etc.) may be carefully controlled and selected depending on the desired 
characteristics of the end product. Within these parameters, a large degree of 

25 design flexibility is available. The polymers, for example, can be 

homopolymers or copolymers prepared from two or more different monomers. 
The copolymers, in turn, can be random copolymers, block copolymers or 
graft copolymers. To improve the stability of the water-soluble (or water- 
dispersible) segment attachment to the surface (or to the linker), a first part of 

30 the polymer chain containing the water-soluble (or water-dispersible) segment 
can be crossllnked and then linear chains may be grown from the crossllnked 
base. In order to perform this crosslinking a bl-ftinctfonal monomer may be 
used. 
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It is to be noted In this regard, however, that if crosslinking is 
employed, the crosslinking sites should be spaced sufficiently far from the 
water-soluble or water-dispersible segments and near the substrate surface in 
order to ensure maximum mobility of these segments. 
5 As used herein, "block copolymer 11 refers to a polymer comprising at 

least two segments of differing composition; having any one of a number of 
different architectures, where the monomers are not incorporated into the 
polymer architecture in a solely statistical or uncontrolled manner. Although 
there may be three, four or more monomers in a single block-type polymer 

10 architecture, it will still be referred to herein as a block copolymer, in some 
embodiments, the block copolymer will have an A-B architecture (with "A" and 
H B° representing the monomers). Other architectures included within the 
definition of block copolymer include A-B-A, A-B-A-B, A-B-C, A-B-C-A, A-B-C- 
A-B, A-B-C-B, A-B-A-C (with a C representing a thfnd monomer), and other 

15 combinations that will be obvious to those of skill in the art. In another 
embodiment, the block copolymers that may be used in the sensors of this 
invention include one or more blocks of random copolymer together with one 
or more blocks of single monomers- Thus, a polymer architecture of A-J, A-J- 
B, A-B^J, A-J-B-J-C, J-J'-J, etc. Is Included herein, where J and J' are random 

20 blocks of monomers A and B or of monomers B and C. Moreover, the 

random block can vary In composition or size with respect to the overall block 
copolymer. In some embodiments, for example, the random blocks J or J' will 
account for between a and 80 % by weight of the mass of the block 
copolymer. In other embodiments, the random blocks J or J' will account for 

25 more or less of the mass of the block copolymer, depending on the 
application. Furthermore, the random block may have a compositional 
gradient of one monomer to the other (e.g., A:B) that varies across the 
random block In an approximately algorithmic fashion, with such algorithm 
being either linear having a desired slope, exponential having a desired 

30 exponent (such as a number from 0.1-5) or logarithmic. The random block 
may be subject to the same kinetic effects, such as composition drift, which 
would be present in any other radical copolymeri2ation and its composition, 
and size may be affected by such kinetics, such as Markov kinetics. Any of 
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the monomers listed elsewhere In this specification may be used in the block 
copolymers. A "block 0 within the scope of the block copolymers of this 
invention typically comprises about 10 or more monomers of a single type 
(with the random blocks being defined by composition and/or weight percent, 
as described above). In preferred embodiments, the number of monomers 
within a single block is about 15 or more, about 20 or more or about 50 or 
more. However, in an alternative embodiment, the block copolymers of this 
invention Include blocks where a block is defined as two or more monomers 
that are not represented elsewhere in the copolymer. This definition is 
Intended to encompass adding small amounts of a second monomer at one or 
both ends of a substantially homopolymeric polymer. In this alternative 
embodiment, the same copolymer architectures discussed above apply. This 
definition is therefore Intended to include telechelic polymers, which include • 
one or more functional end groups capable of reacting with other molecules. 
Thus, generally, a telechelic polymer is a block copolymer within the 
definitions of this invention. The functional groups present at one or both 
ends of a telechelic polymermay be those known to those of skill in the art, 
including, for example, hydroxide, aldehyde, carboxylic acid or carboxylate, 
halogen, amine and the like, which have the ability to associate or form bonds 
with another molecule. 

The polymer chains may be linear or non-linear. Examples of non- 
linear molecules include branched and star polymers. The star molecules 
typically have anywhere between 2 and 12 arms growing from a common 
core, although structures having more than 12 arms can also be prepared. 
Branched polymer chains include polymer molecules in which there are side 
branches of linked monomer molecules protruding from various central branch 
points along the main polymer chain. Hence a branched polymer molecule 
can include two or more polymeric segments covalentfy bonded to each other 
at a point other than their common ends - either directly (e.g., through 
functional groups on side chains thereof), or Indirectly through a linking 
moiety. The various "branches" of branched polymers can Include polymeric 
segments having substantially the same or different repeat units, and can 
themselves be homopolymers or copolymers. The extent of branching is 
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selected based upon the particular application for which the surface-bound 
polymers are intended. 

With respect to crosslinking it is to be noted that, it is typically preferred 
for the water-soluble (or water-dispersible) segment to have a single point of 
5 attachment to the substrate surface (i.e., having a single terminus, as defined 
herein, attached to the surface) and be substantially free of covalent 
crosslinking, and preferably all crosslinking. Compared to the permanent 
entanglements present in a chemically crosslinked gel layer, for example, the 
entanglements present in a brush composed of singly attached polymer are 

10 relatively short lived. These entanglements constantly form and dissipate, so 
that any loop in the polymer layer which blocks the motion of a biomolecule in 
a particular direction is temporary. In contrast, in a chemically crosslinked gel, 
a loop or other obstructing entanglement can act as a permanent impediment 
or barrier to the movement of a biomolecule through the layer. Thus, in the 

1 5 case of a singly end-grafted brush, penetration of large biomolecules into the 
brush is facilitated by the dissipation of these entanglements in advance of the 
moving biomolecule. Therefore, a polymer layer comprised of singly end- 
attached, non-crosslinked water-soluble (or water-dispersible) segments 
offers many advantages in comparison to the alternative structures, such as 

20 cross linked gel layers or polymer pseudo-brushes where each chain has 
multiple points of attachment 

The polydispersity index of the polymer can generally range from about 

1 to about 100. The polydispersity may be adjusted depending on the 
application, in the case of living polymerizations, it typically ranges from 

25 about 1 to about 2.5, while under certain conditions it may be less than about 

2 (range from about 1 to about 2), with values of less than about 1.8, 1 .6, 1 .5, 
1 .4, 1 .3, 1 .2, or even about 1 .1 being attainable. Hence, It Is possible to 
control process conditions to achieve a polydispersity index ranging from 
about 1 to about 1 .8, from about 1 to about 1 .6, or from about 1 to about 1 .5. 

30 In a controlled polymerization, the polydispersity typically is less than about 2. 
The molecular weight of the polymer chains is adjusted to suit the 
needs of a particular sensor or application, as discussed in connection with 
Figure 1 . In general, the molecular weight is adjusted to be sufficiently high 
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such that the functional group-bearing segments (I.e., the water-soluble or 
water-disperslble segments) are spaced from the surface to the point where 
they simulate the behavior of a polymer chain in solution with respect to the 
ability to bond probe molecules to the functional groups. As discussed herein, 
5 the polymer chain preferably has a water-soluble or water-dispersible 
segment that has a molecular weight of at least about 1,000, but can also 
have a molecular weight of not less than about 2,000, not less than about 
1 0,000, not less than about 50,000, or not less than about 1 00,000. The 
incorporation of the functional-group containing monomer may also be 
1 0 calculated relative to other monomers) present in the polymer chain. In this 
context, the relative mole percent of the iunctional-group containing monomer 
to other monomers) present in the polymer chain may be in the range of from 
about 1 to 100, more specifically about 2 to 50, without regard to the specific 
polymer architecture. 
1 5 Unless otherwise specifically noted, the molecular weight values 

recited herein are weight-average molecular weights (as determined by sfee- 
excluslon chromatography, SEC, performed on polymer chains formed in 
solution during the polymerization process), based on correlation to narrow 
linear polystyrene standards. For example, a SEC-observed Mw value of 
20 1 00,000 means that the measured polymer has the same hydrodynamlc 
volume as the polystyrene of the molecular weight 100,000 under the 
conditions used for both calibration and characterization (DMF + 0.1% TFA) of 
all samples. ..... 

It is to be noted, however, that the actual molecular weight of the 
25 polymer may differ from the observed molecular weight, as determined by 
SEC. For example, In some cases the actual molecular weight may vary from 
the observed molecular weight of the polymer by at least about +/- 10 % , 25 
%, 50 % or more. The actual molecular weight, as used herein, means the 
weight-average of the actual weight of polymer molecules In the polymer 
30 based on the actual atomic structure thereof. Because of the inherent 
difficulties In determining actual molecular weight, however, the actual 
molecular weight can be approximated by other suitable means. For 
example, for purposes of the present invention, the actual molecular weight 



WO 02/056021 PCT/US02/00746 

can be approximated as the target molecular weight. The target molecular 
weight refers to the estimated molecular weight based on the total amount 
(e.g., moles) of monomer to be incorporated into polymer during the 
polymerization reaction, as determined by the amount (e.g., moles) of Initiator, 
5 and the monomer to Initiator ratio, assuming that each initiator starts one 
chain, and that all monomer is incorporated. In situations where initiator 
efficiency is about 0.9 or less, and/or monomer conversion is less than about 
95%, then adjustments for the target molecular weight are made based on 
Initiator efficiency and/or monomer conversion, respectively. 

1 0 In other embodiments, characterization of the polymer bristle can be 

accomplished via cleaving the polymers from the surface of the substrate and 
subsequent analysis, as described above, including chromatography or 
nuclear magnetic resonance (NMR). The usefulness of this technique 
depends on the type of surface and the overall amount of polymer available 

1 5 from the cleavage step. 

The resulting surface-bound polymer chains Include water-soluble or 
water-dispersible segments having a molecular weight of at least 1 ,000, 
preferably at least 2,000 and even more preferably a molecular weight that Is 
adjusted according to the desired length of the polymer chains, which, as 

20 discussed elsewhere herein, depends upon, inter alia, the application of the 
sensors. These segments may be located anywhere along the polymer chain, 
although they are preferably located at or near the free termini of the chains. 
These segments further contain functional groups to which probe molecules; 
described In greater detail, below, can be covatently or norwx>valentIy 

25 bonded. Examples of useful functional groups for this purpose Include -OH, - 
COOH, -NH 2l -SH, -SCN, -C(0)H, combinations thereof and the like. 
The selection of useful functional groups is dependent on the application of 
the sensor, generally, and can be adjusted with the proper selection of 
monomers. In order to adjust the number of functional groups on the bound 

30 polymers, the appropriate concentration of functional group containing 

monomer is added to the polymerization system, discussed above. Typically, 
the ratio of functional group containing monomer to non-functional group 
containing monomer is adjusted to a predetermined ratio prior to adding 
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monomer to the polymerization system. Useful ranges of functional group 
containing monomer relative to the total amount (volume, mass or moles) of 
monomer added to the polymerization system include about 0.5% to about 
99% function group containing monomer, more specifically from about 10% to 
about 90%, even more specifically about 15% to about 50% and most 
specifically about 15% to about 30%. 

After the polymerization reaction, in preferred embodiments with living- 
type polymerizations, the polymer chain end that carries the control agent can 
be modified, with for example, a reduction step that yields a functional chain 
end or in a radical exchange step to introduce other functionalities. Probes 
may be attached to these modified chain ends. 

As shown in part of Figure 5, the polymer-modified surface may be 
referred to as having a "polymer layer" on top of the surface. The depiction in 
Figure 5 actually shows the substrate (e.g., a wafer), an initiator layer (e.g., 
bound initiator or initiator-control adduct), a "polymer layer" ! and then some 
polymer chains on top of the polymer layer. The polymer chains on top of the 
polymer layer are part of the polymer layer and are shown for Illustration 
purposes to show what the polymer layer comprises in the embodiment 
shown in Figure 5. Generally, the polymer-modified surface will have a 
determinable thickness. The thickness of the polymer layer, measured from 
the substrate surface, is selected based upon the particular application. In 
general, however, dry thickness of the polymer layer (either the hydrophobic 

layer, theJhydrophilio layer, or the two layers combined, as further described. 

herein) may in some instances ranges from about 20 to about 2000 
angstroms, while in some embodiments this thickness may range from about 
30 to about 1500 angstroms, or from about 50 to about 1000 angstroms, all of 
which are useful for analyzing biological samples of various types. 

It is to be noted that the thickness is measured as a dry thickness, in 
the absence of solvent, by ellipsometry as known to those of skill in the art 
See, e.g., "A User's Guide to Ellipsometry", by Hariand G. Tompkins 
(Academic Press (owned/published by Harcourt Brace Jovanovich), 1993), 
which is incorporated herein by reference. Also, depending on the chain 
molecular weight and grafting density, as well as the solvent, the potymer 
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chains can also be measured when in the presence of a solvent. This "wet 
thickness" might be many times the dry thickness. The polymer chain 
conformation in solvent can also be measured by means known to those of 
skill in the art (as further described herein). 

5 

Probes 

A wide variety of biological probes can be employed in connection with 
the present Invention. In general, the probe molecule is preferably 

10 substantially selective for one or more biological molecules of interest. The 
degree of selectivity will vary depending on the particular application at hand, 
and can generally be selected and/or optimized by a person of skill in the art 

The probe molecules can be bonded to the functional group-bearing 
polymer segments using conventional coupling techniques (an example of 

1 5 which is further described herein below under the heading "Application"). The 
probes may be attached using covalently or non-covalently (e.g., physical 
binding such as electrostatic, hydrophobic, affinity binding, or hydrogen 
bonding, among others). For example, one technique Is the in situ synthesis 
of probes onto the polymer. See, e.g., Sundberg et ah, U.S. Patent No. 

20 5,919,523 which is incorporated herein by reference. Another technique is 
the covalent attachment of pre-formed probes (e.g., spotting of probes), which 
can be achieved as long as a functionality for covalent attachment (such as 
an amine, hydroxyi, thiol, etc.)1s present Spotting techniques are generally 
known (see, for example, U.S. Patent Nos. 5,424,186; 5,677,195; and, 

25 5,744,305, which are incorporated herein by reference for all purposes). In an 
alternative embodiment, the probes can be bonded, preferably covalently 
bonded to the monomer units (before polymerization), and then incorporated 
into the substrate-bound polymer during the polymerization reaction. 

Typical polymer brushes functionalities that are useful to covalently 

30 attach probes are chosen among hydroxyi, carboxyl, aldehyde, amino, 
isocyanate, isothiocyanate, azlactone, acetylacetonate, epoxy, oxirane, 
carbonate sulfbnyl ester (such as mesityl or tolyl esters), acyl azide, activated 
esters (such as N(hydroxy)succinlmkie esters), O-acyllso-urea intermediates 
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from COOH-carbodllmlde adducts, fluoro-aryle, imldoester, anhydride, 
haloacetyl, alkyllodide, thiol, disulfide, maleimide, aziridine, acryloyl, diazo- 
alkane, diazo-acetyl, di-azonium, and the like. These may be provided by 
copolymerizing functional monomers such as 2-hydroethyI(meth)acrylate, 
5 hydroxyemyl(meth)acrylamide, hydroxyethyl-N(methyl) (meth)acrylamide, 
(meth)acrylic acid, 2-aminoethyl(meth)acrylate, amlno-protected monomers 
such as maleimido derivatives of amino-functional monomers, 3-isopropenyl, 
aa-dlmethylbenzyllsocyanate, 2-isocyanato-ethyimethacrylate, 4,4-dimethyl-2- 
vinyl-2-oxazoline-5-one, acetylacetonate-ethylmethacrylate, and 

10 glycidylmethacrylate. 

Post derivatization of polymer brushes proves also to be efficient. 
Typical methods include activation of -OH functionalized groups with, for 
example phosgene, thlophosgene, 4-methyl-pheny) sulfonylchoride, 
methyisuKbnylchloride, and carbonyl di-imidazole. Activation of carboxylic 

1 5 groups can be performed using carbodiimides , such as 1 -ethyl-3-(3- 
dimethylaminopropyl) carbodiimide hydrochloride, or 1-cyclohexyi-3-(2- 
morpholinoethyl) carbodiimide, among others. Aldehyde groups can be 
synthesized from the periodate-mediated oxidation of vicinal -OH, obtained 
from hydrolysis of epoxy functional brushes. Alternatively, aldehyde groups 

20 are attached by reaction of bis-aldehydes (e.g, glutaraldehyde) onto amino- 
modified polymer brushes. Amino-functional brushes can also be prepared by 
reacting di-amino compound on aminoreactive brushes, such as 
N(hydroxy)succinirnlde esters of carboxylates brushes. (Other state-of-the-art 
coupling chemistries, such as described in Bioconjuguate Techniques, 

25 Greg.T. Hermanson, Academic Press, 1998 , are also applicable and ana 
incorporated herein by reference.) 

One useful class of probes is nucleic acid-containing probes, such as 
nucleic acid polymers. As used herein, a "nucleic acid" of the nucleic-acid 
containing probe includes DNA, RNA, and derivatives thereof. For example, 

30 the nucleic acid can be DNA or RNA-based molecules containing bases other 
than adenine, cytosine, guanine, thymine, or uracil (e.g., bromothymine or 
azaguanine), sugars other than deoxyribose or rtbose (e.g., arabinose, 2'-0- 
methylribose, xylulose, or hoexose), or modified phosphate backbones. A 
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modified phosphate backbone can include, for example, phosphorothioate, 
phosphorodithloate, phosphoramidothioate, phosphoramidate, 
phosphordiamidate, methylphosphonate, alkyl phosphotriester, and 
formacetal linkages, or analogs thereof. In addition, the nucleic acid- 
5 containing probe can be a peptide nucleic acid ("PIMA"), or an uncharged or 
possibly positively charged nucleic acid derivative that contains a 
pseudopeptide backbone. Peptide nucleic acids can be produced using 
standard techniques as described, for example, in U.S. Patent No. 5,539,082, 
which is hereby incorporated by reference. 

1 0 Nucleic add polymer probes are typically at least six nucleotides in 

length, and can range in size up to the length of an entire chromosome. 
Typically, nucleic acid probes are oligonucleotides that are 8 to 100 
nucleotides in length (e.g., 15 to 30, 40, 50 nucleotides) or complementary 
DNA fragments ("cDNA") that are partial or complete (e.g., having 100 to 

15 5,000 nucleotides). 

Nucleic acid probes can be synthesized by standard methods known in 
^ the art such as. for example, by use of an automated nucleic acid synthesizer 
of the type commercially available from Biosearch and Applied Biosystems. 
Phosphorothioate oligonucleotides can be synthesized according to the 

20 method of Stein etal (Nucleic Adds Res. 1 1988, 16:3209-3221), which Is 
hereby incorporated by reference. Methylphosphonate oligonucleotides can 
be prepared by use of controlled pore glass polymer supports, as described 
by Sarin et al: {Pmc. Natl.Acad; Scl USA; 1 988, 85(20):744&-745i). "~ 
Nucleic acid probes also can be isolated from genomic DNA, total 

25 cellular RNA r or messenger RNA ("mRNA") using standard methods known in 
the art. For example, the nucleic acid probes may be obtained from 
microdissected RNA, a clone set from a genome of interest (e.g., a set of 
expressed sequence tags ("ESTs") or a cDNA library), a restriction enzyme 
fragment, or a polymerase chain reaction ("PCR") product. PGR refers to a 

30 procedure or technique in which target nucleic acids are amplified. Generally, 
sequence information from the ends of the region of Interest or beyond is 
employed to design oligonucleotide primers that are identical or similar in 
sequence to opposite strands of the template to be amplified. PCR can be 
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used to amplify specific sequences from DNA as well as RNA (reverse- 
transcriptese PCR), including sequences from total genomic DNA or total 
cellular RNA. Primers are typically 14 to 40 nucleotides in length, but can 
range from 10 nucleotides to hundreds of nucleotides In length. These 
5 primers can be used to Incorporate chemical "hooks" for attaching the probe 
to the activated polymer (e.g., by Incorporating a terminal amine, thiol, or 
biotln moiety). PCR Is described, for example, in PCR Primer A Laboratory 
Manual, ed. by C. Dieffenbach and G. Dveksler, Cold Spring Harbor 
. Laboratory Press, 1995. 
10 Amino acid polymers, such as polypeptides, represent a second class 

of useful probes. As used herein, "amino acid polymers" or interchangeably, 
"polypeptide," refers to a chain of amino acids, regardless of length and 
regardless of functionality. Typically, the polypeptide Is at least 5 amino acid 
residues in length and can range up to a full-length protein. Short 
15 polypeptides can be created using automated synthesis, nearly Identical to 
the above description for DNA with Applied Biosystems instrumentation. 
Moreover, the polypeptide can have a known or suspected functionality or 
partial functionality (e.g., as a component of a functionally active moiety). 
Non-limiting examples of polypeptides include enzymes, receptors, and 
20 antibodies. As used herein, the term "antibody" Includes polyclonal 

antibodies, monoclonal antibodies, humanized or chimeric antibodies, single 
chain antibodies. Fab fragments, and Ffabfc fragments. Polyclonal antibodies 
are heterogeneous populations of antibody molecules that are contained in 
the sera of immunized animals. Monoclonal antibodies, which are 
25 homogeneous populations of antibodies with affinity for a particular epitope of 
an antigen, can be prepared using standard methodology, in particular, 
monoclonal antibodies can be obtained by any technique that provides for the 
production of antibody molecules by continuous cell lines in culture such as 
described by Kohler et al, (Nature, 256:495 (1975)); the human B-cell 
30 hybridoma technique (Kosbor et al., Immunology Today, 4:72 (1983) and Cole 
et al., Proc. Natl. Acad. Scl. USA, 80:2026 (1983)); and the EBV-hybrldoma 
technique (Cole et al., "Monoclonal Antibodies and Cancer Therapy," Alan R. 
Liss, Inc., pp. 77-96 (1983)). Such antibodies can be of any immunoglobulin 
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class including IgG, IgM, IgE, IgA, IgD, and subclasses thereof. A hybridoma 
producing the monoclonal antibodies can be cultivated In vitro or in vivo. As 
those of skill in the art will understand, the Immobilization of proteins has been 
linked to the loss of secondary structure, and thus the overall activity in non- 
5 aqueous environments; it is believed that the present invention provides a 
pathway to enable a sensor using protein probes that have sufficient activity 
of the immobilized proteins. Applications involving such polypeptide probes 
(e.g., antibodies) can be used, for example, as biosensors in diagnostic 
assays, as well as separation media for bloseparations (e.g. affinity 

10 chromatography). 

A chimeric antibody is a molecule in which different portions are 
derived from different animal species, such as those having a variable region 
derived from a murine monoclonal antibody and a human immunoglobulin 
constant region. Chimeric antibodies can be produced through standard 

15 techniques. 

Single chain antibodies are formed by linking the heavy and light chain 
fragments of the Fv region via an amino acid bridge, resulting in a single chain 
polypeptide. Single chain antibodies can be produced using standard 
techniques as described, for example, in U.S. Patent No. 4,946,778. 

20 Antibody fragments can be generated using known techniques. For 

example, such fragments Include F(ab')2 fragments that can be produced by 
pepsin digestion of the antibody molecule, and Fab fragments that can be 
generated by reducing the disulfide bridges of F(ab')2 fragments. 
Alternatively, Fab expression libraries can be constructed as described, for 

25 example, in Huse et al., Science, 246:1275 (1 989). 

The probe can also be a cell. The cells can be naturally occurring or 
modified cells. In some embodiments, the cells can be genetically modified to 
express surface proteins (e.g., surface antigens) having known epitopes or 
having an affinity for a particular biological molecule of interest Examples of 

30 useful cells Include blood cells, liver ceils, somatic cells, neurons, and stem 
cells. Other biological polymers can include carbohydrates, cholesterol, lipids, 
etc. 
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While biological molecules can be useful as probes In many 
applications, the probe Itself can be a non-biological molecule. In one case, 
the dye probe can be used for selective biomolecule recognition, as generally 
described herein. Non-biological probes can also include small organic 
molecules that mimic the structure of biological ligands, drug candidates, 
catalysts, metal ions, lipid molecules, etc. Also, dyes, markers or other 
indicating agents can be employed as probes in the present invention in order 
to enable an alternative detection pathway. A combination of dyes can also 
be used. Dyes can also be used, in another case, as a substrate "tag" to 
encode a particular substrate or a particular region on a substrate, for post- 
processing identification of the substrate (polymer probe or target). 

Substrates 

A substrate is generally a material having a defined surface (e.g„ rigid 
or semi-rigid surface). In many embodiments, at least one surface of the 
substrate will be substantially flat, although in other embodiments small 
beads, pellets, porous, etched substrates or irregular objects may provide the 
surface. The substrate may be organic or inorganic. Examples of suitable 
substrates include, in addition to those previously referenced herein, glass 
(e.g., silica glass), quartz, fiberoptic threads, silicon (Including silicon dioxide), 
inorganic and organic microspheres, plastic and polymer-coated substrates. 
The substrate may also take any desired size or shape, such as a square or 
round flat chip or a sphere. The substrate may also be a composite material 
or a multi-layer material with one or more materials presented at the surface. 

As is generally known in the art, the surface of the substrate will 
contain functional groups (e.g., such as hydroxyl groups). The density of 
these functional groups is a fonction of the type of substrate material and any 
treatment steps applied to that substrate. For example, using known 
techniques, such as acid treatment (e.g., using a commercial product called 
Nochromix (Godax Laboratories)), the surface can be cleaned and left in a 
hydrophilic state. Polymer substrates may have functional groups intrinsic to 
the polymer or may have surface fonctional groups introduced by chemical 
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treatment, corona discharge, plasma treatment, etc. Those of skill in the art 
may also use established methods for determining the density of the 
functional groups on the surface of substrates, such as titration, ellipsometry, 
X-ray photoelectron spectroscopy, fluorescent labeling, surface energy and 
5 contact angle measurements, and the like. Determining the concentration of 
functional groups per unit area on the surface of the substrate to be modified 
with the polymer chains discussed herein may be important to determining the 
grafting density of the polymer chains, as discussed herein. In many cases, 
knowledge of the surface being used will allow those of skill in the art to 

1 0 estimate or assume the number of functional groups per unit area, thereby 
providing a reasonable estimate of the amount of reagents to use in order to 
obtain a desired chain density per unit area. For example, an excess of 
reagent may be used when it is desired to attach polymer chains to ail 
available surface functionalities. Substrates that do not contain accessible 

15 functional groups can also be used in the sensors of this invention, provided 
that they are first coated with a coating that provides such functional groups 
(as discussed elsewhere herein). 

Sensors 

20 The sensors of the present invention (I.e., the polymer brush with a 

probe attached) can also be utilized In a multi-step or "sandwich 0 assay 
format, wherein a number of biomolecule targets can be applied or analyzed 
in sequential fashion. This approach may be useful to immobilize a protein 
probe for the desired biomolecule target It may also be applied as a form of 

25 signal enhancement if the secondary, tertiary, etc. biomolecules serve to 
increase the number of signal reporter molecules (Le., fluorophores). For 
example, an attached probe may bind a protein target A through affinity 
binding or covalent attachment. Some portion of protein A then acts as a 
probe to immobilize protein target B through affinity binding or covalent 

30 attachment. Some portion of protein B then acts as a probe to immobilize 
protein target C through affinity binding, and so on. A similar assay may be 
performed using duplex and triplex DISIA, RNA, PNA and/or some combination 
thereof. 



25 



30 



WO 02/056021 ' 

76 PCT/US02/00746 

The sensors can be used to analyze biological samples such as blood 
Plasma, urine, saliva, tears, mucuous derivatives, semen, stool samples 
tissue samples, tissue swabs and combinations thereof. For example, where 
the probes are nucleic acids, the resulting sensor can be used to monitor 
5 expression levels of genesorto identify mutations or polymorphisms, orto 
detect the genetic material related to a disease state. In either case, target 
nucleic acids (i.e., free nucleic acid molecules) typically are labeled and 
* hybridized to the tethered nucleic acid probes. For example, the target 

nucleic acid molecules can be fluorescently labeled and hybridized with the 
10 tethered probes under suitable conditions. Fluorescence from target nucleic 
acids that hybridize at discrete locations on the sensor surface can be 
detected by a fluorescence reader (e.g., such as a laser scanning device, a 
CCD camera, a confocal scanning device or plate reader, etc.). Hybridization 
of target nucleic acids that are labeled with a radioisotope can be detected by 
15 phosphor-imaging. Alternative methods of detection include electronic signal 
detection in which positive hybridization events are detected by electron 
transfer reactions (e.g., as described in U.S. Patent No. 5,824,473), by the 
use of mass spectrometry (e.g., as described in U.S. Patent No. 5,872,003) 
by electrical charge, or by magnetic detection techniques, among others. 

Hybridization conditions can be tailored for particular applications For 
example, hybridization conditions may differ based on length or base 
composition of the probes and target nucleic adds. Standard blocking agents 
such as Denhardf s reagent and sheared salmon sperm DMA can be used to 
mimmize background hybridization as described, for example, In Southern* 
al., Nature Genet, supplement, 1999, 21:5-9 and Cheung et af., Nature 
Genet, supplement, 1999, 21:15-19. 

Sensors in which the tethered probes are polypeptides can be used, for 
example, to screen or characterize populations of antibodies having specific 
binding affinity for a particular target antigen orto determine if a ligand had 
affinity for a particular receptor, according to procedures described generally 
in Leukingetal., Anal. S/oc/rem., 1991,270<1):103-111. Target polypeptides 
can be labeled, e.g., fluorescently or with an enzyme such as alkaline 
phosphatase, or radio labeling for easy detection. 
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Analyses/Measurements - 
Density Calculation 

5 The present invention enables the "tailoring" of the surface of a 

polymer brush in order to achieved a desired number of accessible functional 
groups on its surface. As previously noted, one factor which must be 
controlled as part of the tailoring process is the grafting density of the water- 
soluble (or water-dispersible) segments on the substrate surface. One 

1 0 method for determine segment grafting density is by calculation based on the 
molecular weight of the polymer chains grown in solution {M gpc ) during the 
polymerization process (as a result of initiator being present both on the 
substrate surface and In the polymerization solution or system), and the 
polymer layer thickness, as determined by ellipsometry (r) measurements of 

1 5 the polymer layer on the modified substrate surface. This calculation is 
achieved using the following formula: 

Grafting Density = (1 *1 0 4 * t * p / Mgpc) 

20 wherein grafting density is expressed in picomoles/cm 2 , t is expressed in 
Angstroms, p is specific gravity and is expressed In grams/cm 3 and molecular 
weight (Mgpc) is expressed In g/mole. This formula is used in Experiments 1- 
8, below, in order to calculate segment grafting density. 

I n those instances wherein no free Initiator Is used in the 

25 polymerization process, no polymer forms In solution. As a result, polymer 
brushes molecular weights cannot be measured directly. Therefore, in order 
to calculate the molecular weight the polymer thickness (f) is measured from 
a substrate with a known density of polymer chain initiating sites (which 
directly correlates to the grafting density). Based on this information, the 

30 molecular weight (Mgpc, g/mole) can then be calculated using the above 
formula (I.e., Mgpo = 1*1 0 4 * t * p / grafting density). 
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Cleavable Dye Test 

This method may be used to quantify the number of junctional groups 
generally accessible to a probe or target blomolecule which are about the 
5 same size as the dye molecule being used, to optimize small molecule 
modification (i.e., activation), and to quantify covalently attached 
oligonucleoHdes/probes (e.g., DNA). Generally speaking, the functional 
groups on the polymer chain segments are quantified by attaching a dye 
molecule of a given size to each of the functional sites which are accessible to 
3 molecules of that size, washing the substrate to remove excess/unbound dye, 
cleaving the bound dye molecules, collecting the cleaved dye molecules, and' 
then measuring the amount of dye collected for a given surface area, using 
HPLC analysis with a fluorescence detector. 

The amount or concentration of dye in the solution is calculated from 
i the fluorescence signal using a calibration curve obtained from a model 
reaction. From this concentration data, the number of dye molecules can be 
determined, which then can be directly correlated to the number of functional 
groups on the water-soluble (or water-dlsperslble) segments that were 
accessible to molecules of a sfze about equal to, or less than, the size of the 
dye molecules employed In the test If the surface area of the brush Is known, 
a number of accessible functional groups per unit area may then be 
calculated. This test method can also be used In a similar manner to quantify 
the number of accessible functional groups for the probe or other molecule 
directly, by attaching a dye molecule to the probe that is to be attached. 

Stability Test 



As previously noted, the present invention enables the preparation of 
substrates (both planar and non-planar surfaces) having water-soluble (or 
water-dispersible) segments attached thereto, and optionally probes attached 
to these segments, which are highly stable. More specifically, the present 
invention enables the attachment of these segments to the substrate surface, 
and likewise the attachment of probes to the segments, in a manner which ' 
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prevents their detachment upon exposure to subsequent processing steps. 
For example, in addition to the discussion provided elsewhere, it is to be 
noted that experience to-date has shown that biosensors prepared in 
accordance with the present process may be heated to a temperature above 
5 about 40°C, preferably ranging from about 40 to about 60°C, in an aqueous 
solution for about 16 hours (conditions commonly employed in gene 
expression tests) with less than about a 20% loss of probes from the 
segments, or segments from the substrate surface, in fact, in some cases 
loss may be less than about 15%, less than about 10%, or even less than 
1 0 about 5%. In contrast, existing sensors, such as those comprised of a glass 
substrate to which is attached a DNA probe by means of a siians linker, 
commonly experience a loss of up to about 90% of the linkers which connect 
the probe to the substrate surface (and therefore the probes themselves), 
rendering the sensor significantly less sensative. 

15 

Film Thickness Measurements 

Polymer layer or film thickness may be measured as a dry thickness 
(i.e., in the absence of solvent) by, among other methods known to those of 

20 skill in the art, ellipsometry. (See, e.g., "A User's Guide to Ellipsometn/, by 
Harland G. Tompkins (Academic Press, owned/published by Harcourt Brace 
Jovanovich, 1993), which is incorporated herein by reference.) Briefly, the 
thickness is determined by reflecting polarized light from the film surface and 
analyzing the change in the polarization state which results from the 

25 reflection. This can be related to the film thickness and index of refraction by 
comparing the results of the measurement with the results of a model 
calculation, which incorporates thickness and index as variable parameters. 

Also, depending on the chain molecular weight and grafting density, as 
well as the solvent, the polymer chains can also be measured when in the 

30 presence of a solvent (i.e. , in the "swollen" state). This "wet thickness" might 
be many times the dry thickness depending on the segment molecular weight, 
the segment persistence length, and the segment grafting density. The 
polymer chain conformation In solvent might be measured with neutron 
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reflectivity or with contact methods such as by Atomic Force Microscopy 
("AFM"- which provides a measure of compliance, which is similar to 
elasticity of the polymer on the surface; film thickness may also be measured, 
providing you can determine a baseline or edge within the scan), or by 
5 Surface Force Apparatus. 

Applications 

X 

Once the functional group-bearing polymer chains have been grown on 
1 0 the substrate surface, it may be necessary to "activate" the functional groups 
prior to probe coupling. Various activation and coupling techniques are 
known in the art. These techniques may vary depending upon the particular 
application. Accordingly, while the following procedures are intended for 
illustrative purposes, those of skill in the art would be able to use these 
1 5 procedures, or procedures similar thereto, in order to achieve the desired 
results. 

CarbonyIdiimidazole(CDI) activation of 
^ Hydroxyf-functionalized Polymers on glass slides: 

Glassware used In the procedure are all oven dried at 150 °C and 
placed inside a dry glove box while warm. All measurements and weighings 
are done Inside the dry box, as well. Glass slides used as substrates are 
dried in vacuum oven at 40 °C (24 in Hg) overnight. 

25 In a glove box, a hydroxyl-functionallzed polymer brush, bound on a 

glass slide, is placed in a 20 ml glass vial, which is then filled with a 0.5 M 
stock solution of carbonyldiimidazoie in anhydrous acetonitrlle. The vial is 
sealed tight and wrapped with electric tape (to ensure the seal). The vial is 
removed from the dry box and placed on horizontal shaker for 24 hrs. The 

30 vial is opened at the end of the 24 hr period In ambient air, and then the glass 
slide is washed with anhydrous Acetonitrlle several times. After air drying, the 
slide is stored In a dry, dark place until needed. 
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Coupling ofAmine-functionalized Oligonucleotide Probes 
onto CDI-adivated Polymer Brush: 

5 Printing and coupling of oligonucleotide probes onto the CDl-activated 

polymer brushes is achieved as follows: to begin, three different stock 
solutions (1 00, 50 and 25 \iM) of a 50mer oligonucleotide (amine functionality 
in 3' position and Cy3 dye in 5' position), were prepared with a total 
concentration of 150 mM sodium phosphate (pH = 8.5). The oligonucleotides 
10 were then spotted onto the glass slide using a 1 \iL pipette in varying amounts 
on different regions of the substrates in a array format, for purposes of 
comparison. 

After spotting was complete, the slides were incubated in a glass 
chamber at room temperature for 18 hrs. A blocking solution containing 50 
15 mM ethanolamine, 0.1 M Tris and 0.1 weight percent SDS (pH = 9) was then 
prepared. The modified slides were washed with the blocking solution at 
room temperature for 1hr. and subsequently rinsed with water and air dried. 

Activation of Carboxylate-functionalized Polymers and 
20 Coupling ofAmineJunctionalized Oligonucleotide Probes: 

A carboxylate-functionalized (COOH) polymer can be activated, and 
amine-functionalized probes can be coupled, via the commonlyrknqwn 5 , 
technique of carbodiimide activation. For example, using EDC [1-ethyl-3-<3- 

25 dimethyiaminopropylcarbodiimlde], an amine-functionalized probe can be 
coupled to the activated polymer by a single-step condensation via the amine- 
reactive Intermediate, O-acyllsourea. This Intermediate is unstable in 
aqueous solution and must be immediately reacted with the amine- 
functionalized probe, (see, e.g., Williams & Ibrahim, JACS, 103, 1981, p. 

30 7090-7095.) 

Alternatively, the amine-terminated probe can be coupled In two steps 
by using EDC and NHS [N-hydroxysuccinimide]. In this method, the polymer 
functional sites retain a stable, amine-reactive NHS ester functionality in the 
presence of water, which can later be coupled with the amine-functionalized 
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probe, (see, e.g. r Grabaraek & Gergeiy, Anal. Biochem., 185, 1990, p. 131- 
135.) 

General Technique for Hybridization and 
5 Scanning Oligonucleotide (and cDNA) Arrays: 

Once the polymer brush has been successfully activated and the 
probes attached, the resulting "biosensor" may be used in scanning 
procedures common In the art (see, e.g M Lockhart et at.. Nature 
10 Biotechnology (14), 1996, pp. 1675-). A scanning procedure such as the 
following may also be used. 

The above-referenced probe-activated brushes were immerse in 
either (I) a 4xSSC target solution (i.e., a solution comprising 30 mM 
sodium chloride, 3 mM sodium citrate and 0.1% SDS; pH 8.0), or (ii) a 

1 5 6xSSPE target solution (I.e., a solution comprising 0.9 M sodium chloride, 
60 mM NaH 2 P0 4 , 6 mM EDTA and 0.005% Triton X-100; pH 7.6), both of 
which additionally contained RNA or DNA target molecules. In one 
embodiment, the hybridization can be performed by exposing the whole 
slide to the target solution, in this case by immersing or otherwise placing 

20 about 24 to 1 00 L of the target solution on the array under a 22mm x 
22mm glass cover slip (used in order to limit the amount of solution which 
evaporates during the process). Hybridization may also be achieved by 
exposing the array to a much larger amount of the target solution (e.g., 
-about 500 microliters to about 500 milliliters of solution, but this typically 

25 requires some form of flow cell, and/or agitation of the bulk solution). 

Hybridization was then achieved by heating each of the probe- 
attached brushes at about 40 to about 65°C for a period of time (ranging 
from about 4 to about 24 hrs, depending on target molecule being 
studied). If a biotlnyiated target molecule is used, the hybridized brush Is 

30 additionally incubated with 2 ug/ml fluorescenated streptavidin or 

streptavidin-phycoerythrln (SAPE) in the hybridization buffer at about 40 °C 
for 5-10 mln. 

To scan the resulting hybridized brushes in solution, they are first 
rinsed or gently agitated with fresh hybridization buffer for about 5-10 
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minutes, and then they are scanned for surface fluorescence using a 
confocal microarray scanner (such as, for example, a Hewlett Packard 
GeneArray scanner). 

To scan the resulting hybridized brushes dry, they are first rinsed or 
5 agitated in a solution comprising a 1xSSC solution (i.e., the above- 
referenced 4xSSC solution being dliutioned by a factor of 4), the cover slip 
being removed if necessary, after which the brushes are removed and 
blotted dry. The rinse step is repeated twice, each time using a more 
dilute solution (i.e., the above 1xSSC solution first being diluted by a factor 

10 of 5, and then a factor of 20). The brushes are then spun dry by 

centrifugation in a slide rack (Beckman GS-6 tabletop centrifuge at 600 
RPM for 2 mins.), after which the brushes are scanned for surface 
fluorescence using a microarray scanner (such as, for example, an AXON 
GenePix or GSI Lumonics ScanArray scanner). 

1 5 Advantageously, the brushes may be used to accurately call in 

excess of 90%, 95%, 97%, 98%, or 99% of the targets in an analyte- 
containing solution. 



20 

Definitions 



As used herein, the phrase "characterized by the formuia" is riot - - 
intended to be limiting and is used in the same way that "comprising" is 

25 commonly used. The term "independently selected" is used herein to indicate 
thatthe R groups, e.g., R 1 , R 2 , R 3 , etc., can be Identical or different (e.g. R\ 
R 2 and R 3 may all be substituted alkyls or R 1 and R 2 may be a substituted 
aikyl and R 3 may be an aryl, etc.). A named R group will generally have the 
structure that Is recognized In the art as corresponding to R groups having 

30 that name. For the purposes of illustration, representative R groups as 
enumerated above are defined herein. These definitions are intended to 
supplement and illustrate, not preclude, the definitions known to those of skill 
in the art. 
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The term "alky!" is used herein to typically refer to a branched or 
unbranched. saturated acyclic hydrocarbon radical. Suitable alkyl radicals 
Include, for example, methyl, ethyl, n-propyl, i-propyl, n-butyl, t-butyl, t-butyl 
(or 2-methyfpropyl), etc. In particular embodiments, alkyls have between 1 
and 200 carbon atoms, between 1 and 50 carbon atoms, or between 1 and 20 
carbon atoms. 

The term "alkenyl" is used herein to typically refer to a branched or 
unbranched acyclic hydrocarbon radical having at least one carbon-carbon 
double bond. Exemplary alkenyl radicals include, for example, 2-propenyl {or 
allyl), vinyl, etc. In particular embodiments, alkenyls have between 1 and 200 
carbon atoms, between about 1 and 50 carbon atoms, or between about 1 
and 20 carbon atoms. In addition, this term embraces radicals having both 
"cis" and trans" orientations, or alternatively, "E" and T orientations. 

The term "akynyl" is used herein to typically refer to a branched or 
unbranched acyclic hydrocarbon radical having at least one carbon-carbon 
triple bond. In particular embodiments, alkynyls have between 1 and 200 
carbon atoms, between about 1 and 50 carbon atoms, or between about 1 
and 20 carbon atoms. 

"Substituted alkyl* "substituted alkenyl" and "substituted alkynyi" 
typically refer to the alkyl, alkenyl and alkynyi radicals, respectively, as just 
described in which one or more hydrogen atoms to any carbon of these 
radicals is replaced by another group such as a heteroatom, halogen, aryl, 
.substituted aryl. <^cloall<yJ,^clpaike substituted 
cycloalkenyl and combinations thereof. Exemplary substituted alkyls Include, 
for example, benzyl, trifluoromethyl and the like. 

The term "heteroalkyl," "heteroalkenyl" and "heteroalkynyi" typically 
refer to the alkyl, alkenyi and alkynyi radicals, respectively, described above in 
which one or more of the carbon chain atoms of these radicals Is replaced by 
a heteroatom selected from the group consisting of N, O, P, B, S, Si, Se and 
Ge. The bond between the carbon atom and the heteroatom may be 
saturated or unsaturated. Thus, an alkyl substituted with a heterocycloalkyl, 
substituted heterocycloalkyl, heteroaryl, substituted heteroaryl, aikoxy, 
aryloxy, boryl, phosphino. amino, silyl, thio, or setono is within the scope of 
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the term heteroalkyl. Suitable heteraalkyls include cyano, benzoyl, 2-pyridyl, 
2-furyl, MeaSiOCHzCCHgfcC- and the like. 

The term "cydoalkyl" is used herein to typically refer to a saturated 
cyclic non-aromatic hydrocarbon radical having a single ring or multiple 
5 condensed rings. Exemplary cycloalkyl radicals include, for example, 
cyclopentyf, cyclohexyl, cyclooctanyi, bicyclooctyl, etc. In particular 
embodiments, cycloalkyls have between 3 and 200 carbon atoms, between 3 
and 50 carbon atoms or between 3 and 20 carbon atoms. 

The term "cydoalkenyl" is used herein to typically refer to a partially 

1 0 unsaturated (i.e., having at least one carbon-carbon double bond), cyclic non- 
aromatic hydrocarbon radical having a single ring or multiple condensed rings. 
Exemplary cydoalkenyl radicals include, for example, cyclopentenyl, 
cyclohexenyl, cyclooctenyl, etc. In particular embodiments, cycloalkyls have 
between 3 and 200 carbon atoms, between 3 and 50 carbon atoms or 

1 5 between 3 and 20 carbon atoms. 

"Substituted cycloalkyi" and "substituted cydoalkenyl" typically refer to 
cydoalkyl and cydoalkenyl radicals, respectively, as just described wherein 
one or more hydrogen atoms to any carbon of these radicals is replaced by 
another group such as a halogen, alkyl, alkenyi, alkynyl, substituted alkyl. 

20 substituted alkenyi, substituted alkynyl, aryl, substituted aiyl, cycloalkyl, 
cydoalkenyl, substituted cydoalkyl, substituted cydoalkenyl, heterocydo, 
substituted heterocydo, heteroaryl, substituted heteroaryl, alkoxy, aryloxy, 
boryl, phosphino, amino, silyVthio;"selend and combinations thereof. * 
Exemplary substituted cydoalkyl and cydoalkenyl radicals include, for 

25 example, 4-dfmethylaminocydohexyi, 4,5-dibromocydohept-4-enyl, and the 
like. 

The term "aryl" is used herein to typically refer to an aromatic 
substituent that may be a single aromatic ring or multiple aromatic rings which 
are fused together, linked covalentiy, or linked to a common group such as a 
30 methylene or ethylene moiety. The common linking group may also be a 
carbonyl as In benzophenone or oxygen as in diphenylether or nitrogen in 
diphenylamine. The aromatic ring(s) may include phenyl, naphthyl, blphenyi, 
diphenylether, diphenylamine and benzophenone among others. In particular 
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embodiments, aryls have between 1 and 200 carbon atoms, between 1 and 
50 carbon atoms or between 1 and 20 carbon atoms. 

"Substituted aryl" typically refers to aryl as just described in which one 
or more hydrogen atom to any carbon Is replaced by one or more functional 
groups such as alkyl, alkenyl, alkynyl, substituted alkyl, substituted alkenyl, 
substituted alkynyl, cycloalkyl. cycloalkenyl, substituted cycloalkyl, substituted 
cylcoalkenyl, heterocyclo, substituted heterocyclo, halogen, alkylhalos (e.g., 
CF 3 ), hydroxy, amino, phosphino, alkoxy, thlo and both saturated and 
unsaturated cyclic hydrocarbons which are fused to the aromatic ring(s), 
linked covalently or linked to a common group such as a methylene or 
ethylene moiety. The linking group may also be a carbonyl such as in 
cyclohexyl phenyl ketone. Specific examples of substituted aiyls include 
perfluorophenyl, chlorophenyl, 3,5-dimethylphenyI, 2,6-diisopropylphenyl and 
the like. 

The term "heterocyclo" is used herein to typically refer to saturated, 
partially unsaturated and unsaturated cyclic radicals (Including, for example, 
cycloalkyl and cycloalkenyl radicals as described), wherein one or more or all 
carbon atoms of the radical are replaced by a heteroatom such as nitrogen, 
phosphorus, oxygen, sulfur, silicon, germanium, selenium, or boron. 
Additionally, the term "heteroaryl" as used herein typically refers to a specific 
example of a class of unsaturated cyclic radicals wherein one or more carbon 
atoms of an aromatic ring or rings are replaced by a heteroatom(s) such as 
nitrogen, oxygen, boron, selenium, phosporus, silicon i orsulftir.. Heteroaryl 
typically refers to structures that may be a single aromatic ring, multiple 
aromatic ring(s), or one or more aromatic rings coupled to one or more 
nonaromatlc ring(s). In structures having multiple rings, the rings can be 
fused together, linked covalently, or linked to a common group such as a 
methylene or ethylene moiety. The common linking group may also be a 
carbonyl as In phenyl pyridyl ketone. As used herein, rings such as 
thiophene, pyridine, Isoxazole, phthalimide, pyrazole, indole, furan, etc. or 
benzo-fused analogues of these rings are defined by the term "heteroaryl.'' 
Other exemplary heterocyclo radicals include, for example, piperazlnyl, 
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morpholinyl, tetrahydropyranyl, tetrahydrofuranyl, piperidinyl, pyrrolidinyl, 
oxazolinyl, and the like. 

"Substituted heterocyclo" and "substituted heteroaryl" typically refer to 
heterocyclo and/or heteroaryl radicals as just described wherein one or more 
5 hydrogen atom to any atom of the radical Is replaced by another group such 
as a halogen, alky], substituted alkyl, aryl, substituted aryl, heteroaryl, 
substituted heteroaryl, alkoxy, aryloxy, boryl, phosphino, amino, silyl, thio, 
seleno and combinations thereof. Exemplary substituted heteroaryl radicals 
include, for example, 4-N,N-dimethylamlnopyridlne. Other exemplary 

1 0 substituted heterocyclo radicals include, for example, N-methylpiperazinyl, 3- 
dimethylaminomorpholine, and the like. 

"Hydrocarbyl" typically refers to univalent hydrocarbyl radicals 
containing 1 to about 30 carbon atoms, preferably 1 to about 24 carbon 
atoms, most preferably 1 to about 12 carbon atoms, Including branched or 

1 5 unbranched, saturated or unsaturated species, such as alkyl groups, alkenyl 
groups, aryl groups, and the like. The term "lower hydrocarbyl" intends a 
hydrocarbyl group of one to six carbon atoms, preferably one to four carbon 
atoms. The term "hydrocarbylene" typically intends a divalent hydrocarbyl 
moiety containing 1 to about 30 carbon atoms, preferably 1 to about 24 

20 carbon atoms, most preferably 1 to about 12 carbon atoms, including 

branched or unbranched, saturated or unsaturated species, or the like. The 
term lower hydrocarbylene" typically intends a hydrocarbylene group of one 
to six carbon atoms, preferably 'one to four carbon atoms. "Substituted - 
hydrocarbyl" typically refers to hydrocarbyl substituted with one or more 

25 substituent groups, and the terms "heteroatom-containing hydrocarbyl" and 
"heterohydrocarbyr typically refer to hydrocarbyl in which at least one carbon 
atom is replaced with a heteroatom. Similarly, "substituted hydrocarbylene" 
typically refers to hydrocarbylene substituted with one or more substituent 
groups, and the terms "heteroatom-containing hydrocarbylene" and 

30 "heterohydrocarbylene" typically refer to hydrocarbylene in which at least one 
carbon atom is replaced with a heteroatom. 

The term "alkoxy" Is used herein to typically refer to the -OZ 1 radical, 
where Z 1 is selected from the group consisting of alkyl, substituted alkyl, 
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cycloalkyl, substituted cycloalkyl, heterocylcoalkyl, substituted 

heterocycloalkyl, silyl groups and combinations thereof as described herein. 

Suitable alkoxy radicals Include, for example, methoxy, ethoxy, benzyloxy, t- 

butoxy, etc. A related term is "arytoxy" where Z 1 is selected from the group 
5 consisting of aryl, substituted aryl, heteroaryl, substituted heteroaryl, and 

combinations thereof. Examples of suitable aryloxy radicals include phenoxy, 

substituted phenoxy, 2-pyridinoxy, 8-quinalinoxy and the like. 

As used herein the term "sflyl" typically refers to the -SIZ 1 Z 2 Z 3 radical, 

where each of Z 1 , Z 2 , and Z 3 is independently selected from the group 
10. consisting of alkyl, substituted alkyl, cycloalkyl, heterocycloaikyi, heterocyclic, 

aryl, substituted aryl, heteroaryl, substituted heteroaryl, alkoxy, aryloxy, 

amino, silyl and combinations thereof. 

As used herein the term "boryl" typically refers to the -BZ 1 Z 2 group, 

where each of Z 1 and Z 2 is independently selected from the group consisting 
15 of alkyl, substituted alkyl, cycloalkyl, heterocycloalkyl, heterocyclic, aryl, 

substituted aryl, heteroaryl, substituted heteroaryl, alkoxy, aryloxy, amino, silyl 

and combinations thereof. 

As used herein, the term "phosphino" typically refers to the group -PZ", 

where each of Z n Is independently selected from the group consisting of 
20 hydrogen, oxygen, substituted or unsubstituted alkyl, cycloalkyl, 

heterocycloaikyi, heterocyclic, aryl, heteroaryl, silyl, alkoxy, aryloxy, amino 

and combinations thereof, where n Is z to 4 depending on the phosphorus 

oxidation state. 

The term "amino" is used herein to typically refer to the group -NZ 1 Z 2 , 
25 where each of Z 1 and Z 2 Is independently selected from the group consisting 
of hydrogen, alkyl, substituted alkyl, cycloalkyl, substituted cycloalkyl, 
heterocycloalkyl, substituted heterocycloalkyl, aryl, substituted aryl, 
heteroaryl, substituted heteroaryl, alkoxy, aryloxy, silyl and combinations 
thereof. 

30 The term "thio" is used herein to typically refer to the group -SZ 1 , where 

Z 1 is selected from the group consisting of hydrogen, alkyl, substituted alkyl, 
cycloalkyl, substituted cycloalkyl, heterocycloalkyl, substituted 
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heterocydoalkyl, aryl, substituted aryl, heteroaryl, substituted heteroaryl, 
alkoxy, aryloxy, silyl and combinations thereof. 

The term "seleno" Is used herein to typically refer to the group -SeZ 1 , 
where Z 1 is selected from the group consisting of hydrogen, alkyl, substituted 
5 alkyl, cycloalkyl, substituted cycbalkyl, heterocydoalkyl, substituted 
heterocydoalkyl, aryl, substituted aryl, heteroaryl, substituted heteroaryl, 
alkoxy, aryloxy, silyl and combinations thereof. 

The term "saturated" typically refers to lack of double and triple bonds 
between atoms of a radical group such as ethyl, cydohexyl, pyrrolidinyl, and 
10 the like. 

The term "unsaturated" typically refers to the presence one or more 
double or triple bonds between atoms of a radical group such as vinyl, 
acetyienyl, oxazolinyl, cydohexenyl, acetyl and the like. 

The phrase living-type kinetics" typically refers to a polymerization 
1 5 where substantially all chains are reactive and propagating throughout the 
course of the polymerization reaction, and where a plot of chain length versus 
conversion is approximately linear. 

The phrase "water-soluble" when used in connection with a polymer 
chain or a polymer chain segment which is soluble in an aqueous solution 
20 under some conditions (induding, for example, aqueous solutions at a 
selected pH or in the presence of one or more selected buffers, etc.). 
Additionally, the phrase "water-dispersible" typically refers to a polymer chain 
which indudes some entity which is not soivated by water. < 

The term "radius of gyration" or "Rg" typically refers to one-half the 
25 mean square end-to-end distance of a linear chain molecule In solution. 

It Is to be noted that, as used herein, "terminus" generally refers the 
end regions of a polymer chain, within which various polymer architectures 
may be present (e.g., linear chains, branched chains, etc.); that is, it is to be 
understood that, as used herein, terminus" does not necessarily refer to the 
30 last atom at each end of the principal polymer chain. However, it is also to be 
understood that this term is used in the context of the polymer backbone, and 
therefore is not Intended to include or refer to the end of a short chain branch 
or of a substituent group attached to the polymer backbone. 
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It is to be still further noted that, as used herein, the term layer" 
typically refers to a region on the substrate surface that comprises 
hydrophobic or water-soluble/water-dispersible polymer chain segments and, 
as a result, has a corresponding surface characteristic. Accordingly, it is to be 
5 understood mat the hydrophobic layer or water-soluble/water-dispersible layer 
may not continuously extend over the entire substrate surface. More 
specifically, once formed, the hydrophobic layer may extend over discrete 
regions of the substrate surface, or it may be a single region extending over a 
portion (e.g., about 25%, 50%, 75%, 85%, 95% or more) or substantially all of 
1 0 the substrate surface. Likewise, once formed, the water-soluble/water- 
dispersible layer may extend over discrete regions of the hydrophobic layer, 
or it may be a single region extending over a portion (e.g., about 25%, 50%, 
75%, 85%, 95% or more) or substantially all of the hydrophobic layer. 

15 

The sensors of the present invention provide increased sensitivity of 
measurements as well as lower signal to noise ratios, as compared to known 
surface bound sensors. The invention will now be described and illustrated 
20 further by way of the following examples. These examples are therefore not 
to be viewed In a limiting sense. 

EXAMPLES 

25 

Examples 1 through 19 illustrate various features with respect to the 
preparation and use of polymer brushes that are relevant to the present 
invention, while Examples 20 through- 25 further illustrate certain features of 
the present invention. 
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Example 1 

The following example illustrates one approach for the preparation of a 
monomer suitable for use in the present invention for polymer brush 
preparation. 

/. Synthesis of N-Methyl,N-{2-hydmxyethyl)aaylam!de: 

A. Synthesis of A/-Methyl,/V-2-(1-TrimethyisiIoxy)ethylacrylamide: 



1 . CISKCHafe, CH2CI2, 0 °C, 1 h 

2. O 0°Ctor.t, 

H 2 2h ^ 

Me^^^OH " (H 3 C) 3 SlO'^' N Y^ 

O 



An oven-dried 4 L three-necked flask equipped with an overhead 
mechanical stirrer, a 250 mL dropping funnel and an adapter to an argon line 
was charged under an atmosphere of argon with 1 13 g (1 .5 moi, 121 mL) 2- 
(methylamino)ethanol (1), commercially available from Sigma-Aldrich, 1500 

15 mL of anhydrous dichloromethane, and 334 g (460 mL, 3.3 mol) of 

triethylamine. The solution was chilled to ca. 0 °C (icebath) and 171 g (1.58 
mol, 200 mL) of chlorotrimethylsilane (TMSCI) were added dropwise. Upon 
completion of the exothermic reaction (ca. 1 h j. the reaction mixture is cooled 
again to ca. 0 °C (Icebath) and acryloyl chloride (2) (136 g, 1 .5 moi, 122 mL) 

20 were added dropwise and the reaction mixture was stirred for ca. 2 h with 
warming to room temperature. The pH of the reaction mixture should be 
established at ca. 9. The reaction was quenched by careful addition of 2 L of 
water. After thoroughly mixing, the aqueous layer was decanted off and the 
procedure was repeated twice (2 x 1000 mL). After thoroughly mixing, the 

25 aqueous layer was separated and the solution was dried (Na 2 S0 4 ) and the 
solvent removed under reduced pressure to yield an orange-yellow product 3 
of sufficient purity (> 95 % by 1 H NMR) which can be used without further 
purification in the next step. In the case of triethylammonium chloride 



WO 02/056021 



t 



92 



PCT/US02/00746 



10 



Impurities the washing protocol is repeated and the crude product was freed 
from excess trietiiylamine in high vacuo. 1 H NMR (300 MHz, CDCb, room 
temp., (£)/(2)-isomers): 5 6.53 (dd, J = 16.8, 2.4 Hz, 1H, CW=CHH), 6.48 (dd, 
J= 16.5, 2.4 Hz, 1H, CW=CHH), 6.26-6.13 (2dd, superimposed, 2 x 1H, 
CH=CHH), 5.62-5.46 (2 x dd, superimposed, 2 x 1H, CH=CHH), 3.60 (t, J - 
6.3 Hz, 2H, CH2CH2O), 3.55 (t, J * 6.3 Hz, 2H, CH 2 CW 2 0), 3.40 (t, J = 6.3 Hz, 
2H, CH2CH2O), 3.35 (t, J = 6.3 Hz, 2H, CH 2 CH 2 0), 3.03 (s, 3H, NCH3), 2.91 
(s, 3H, NCH3), -0.01 (2s, superimposed, 2 x 9H, Si(CH 3 )3), both 
diastereoisomers) ppm. 

B. Synthesis of W-MethyI,/V-2-(1-hydroxy)ethylacrylamide: 

MeOH, cat (H3C) 3 sici, 

pH3-4,2h V e 
(H 3 C) 3 SIO^' N Y^ ; HO /s -' N Y% 

o o 

3 4 

An oven-dried 3 L round-bottomed flask equipped with a magnetic stir 

1 5 and an adapter to an argon line was charged under an atmosphere of argon 
with the crude product 3 obtained in step B and dissolved in 1 .5 L of 
anhydrous methanol. Chlorotrimethylsilane was added dropwisethe reaction 
mixture till the pH reached 3-4 (ca. 10 ml_). The reaction mixture turns from 
orange to yellowish upon cleavage. Upon completion of the reaction, the 

20 solvent was removed under reduced pressure to yield 169 g (87 %) of 4 as an 
orange crude product of sufficient purity which can be used without further 
purification in the following polymerization step. f? f : 0.25 (EtOAc/MeOH = 
40:1). 1 H NMR (300 MHz, DMSO-d 6 , room temp., (£)/(2)-lsomers): 8 6.76 (dd, 
J = 16.5, 10.2 Hz, 1H, C<=0)C^CHH), 8 6.73 (dd, J = 16.5, 10.8 Hz, 1H, 

25 C(=0)CH^CHH), 6.08 (dd, J = 16.8, 2.7 Hz, 1 H, C(=0)CH=CHH), 6.06 (dd, J 
= 1 6.5, 2.4 Hz, 1 H, C{=0)CH=CWH), 5.65 (dd, J = 1 0.5, 2.7 Hz, 1 H, 
C(=0)CH=CHH), 5.60 (dd, J - 10.5, 2.4 Hz, 1H, C(=0)CH=CHH), 4.80 (t. J - 
5.1 Hz, 1H, OH), 4.67 (t, J= 5.4 Hz, 1H, OH), 3.53-3.45 (m, 2H, CH^OH, 
both diastereoisomers), 3.45-3.37 (m. 2 x 2H, CH 2 CH 2 OH, both 

30 diastereoisomers), 3.06 (s, 3H, NCH 3 ), 2.88 (s, 3H, NCH 3 ) ppm. 
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C. N-Dansylcystamine (10): 



K2CO3 x2HQ 9 
HaO/acetone, room temp. 





47% 



Me 



Me 



8 



10 



A 250 mL round-bottomed flask equipped with a magnetic bar and a 



5 1 00 mL addition funnel was charged with cystamine dihydrochloride (9) (4.95 
g, 22 mmol), K 2 C0 3 (7.28 g, 52.8 mmol) and 50 mL of delonized water. 
Dansyl chloride (8) (1 .00 g, 3.7 mmol) was dissolved in 20 mL of acetone and 
was added dropwlse to the aqueous solution by means of the addition funnel. 
The reaction mixture turned from slight orange to yellow-green in two hours. 

1 0 Upon completion of the reaction, acetone was removed under reduced 

pressure. The reaction mixture was extracted with ethyl acetate (2 x 100 mL). 
The organic extracts were combined and washed with brine and dried over 
MgS0 4 . After filtration and evaporation, the crude product was further purified 
by MPLC (silica gel, EtOAc/MeOH = 2:1 ) to yield 670 mg (47 %) of a yellow- 

15 green solid. R{. 0.48 (EtOAc/MeOH * 1:1, stained with 2 % ninhydrin). 1 H 
NMR (300 MHz, CDCI 3 , room temp.): 88.51 (d, J * 8.7 Hz, 1H, Ar-H), 8.25 
(dd, J - 8.7 Hz, 2H, Ar-H), 7.57-7.47 (m, 2H, Ar-H), 7.16 (d, J - 7.5 Hz, 1 H. 
Ar-H). 3.22 (t J = 6.3 Hz, 2H, CH2CM5NHSO2), 2.86 (s, 8H, NCH 3 , 
CH2CH2NH2). 2.62 (t, J = 6.3 Hz, CH 2 SSC H2). 2.57 (t, J = 6.3 Hz, CH 2 SSC 

20 H2) ppm. 
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General Procedures: Examples 2-14 using 
Tree" Inftiator/lnitiator-Contml Adduct 

Surface modifications were carried out on 2x3 and 1x3 inch fused silica 
5 glass wafers and 1 1nch round silicon wafers. The wafers were cleaned with 
acetone and dichloromethane prior to use. The Initiator-control agent adducts 
were tethered to the wafer surface via a short alkyl spacer (five carbon atoms) 
using silane chemistry following the procedure described in Husseman et al., 
Macromolecules 1999, 32, 1424-31. The corresponding chloromethyl adduct 
1 0 was treated with 1 -pentenol using sodium hydride in dimethylformamide 
(DMF). Subsequent hydrosilylation with trichlorosilane/chloroplatlnic acid in 
1 : 1 ethanol/dimethoxyethane yielded the surface-active initiator-control agent 
adduct 

Treatment of this initiating moiety with the surface silanol groups of the 
1 5 fused silica and/or silicon wafers was catalyzed by triethylamine in toluene to 
provide covalentfy modified initiating substrate surfaces (i.e., derivatlzed 
surfaces). In each of the below examples (i.e., examples 1-8), the total 
amount of trichlorosilyl-substituted initator-control agent adduct (and dummy 
molecules where applicable) was 5x10"* mol per 2x3 inch wafer. Depending 
20 on the desired chain surface grafting density on the surface, the ratio of linker- 
modified initiator-control agent adduct to dummy molecule was adjusted. The 
surface bound initiator-control agent 




, with the SI attached to the 



surface, as is known. The unbound initiator-control agent in ail the examples 
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was 




, Also in each example, free radical nitroxyl was added, 



which had the composition 




• The inactive "dummy 0 molecule was 




cbsi f which was synthesized following the same procedure, but starting from 
benzylchloride. 



surface-bound polymers as follows. All polymerizations were carried out in a 
500 mL sealable vessel with an argon inlet. The total volume of the 
polymerization reaction mixture was 350 mL. This volume ensured that the 
wafers were fully covered by the polymerization mixture. Three to six initiator- 

1 0 control agent modified wafers were positioned upright in the reaction vessel 
leaning against a central Teflon core at a 45° angle. The positioning of the 
wafer was designed to allow the site to be modified to be fully exposed to the 
reactants. A small silicon wafer was added to serve as a probe for thickness 
measurements. The initiator to monomer ratio was controlled by the amount 

1 5 of unbound initiator-control agent adduct In the polymerization reaction 
mixture. 2-5 mol % of free a-hydrido-nitroxide relative to non-surface- 
attached initiator-control agent adduct was added in order to control the 
propagation of monomer, as well as to substitute the TEMPO radical when 
TEMPO-contalning surface-bound adduct was used. 

20 The polymerizations were carried out in bulk or in 50 to 90 weight 

percent aqueous solutions. The water-soluble monomers were N,N- 
dimethylacrylamide and N-methyl-N-(2-hydroxyethyl)acrylamlde; the latter 



5 
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PCT/US02/00746 

96 

provided hydroxyl functionality. The monomers were degassed by subjecting 
them to three freeze-pump-thaw cycles prior to use. 

Size Exclusion Chromatography was performed using an automated 
"Accelerated GPC" system as described in U.S. Patent Application Nos. 
5 09/285,363; 09/ 285,333; 09/285,335; or 09/285,392; each of which was filed 
on April 2, 1999 and each of which Is incorporated herein by reference. In the 
current apparatus, dimethylformamide containing 0.1 % of trifluoroacetic acid 
at a flow rate of 2 ml/min. and a series of three 30 cm x 7.5 mm linear 
columns calibrated using narrow polystyrene standards. The concentration of 

1 0 the polymer in the eluent was monitored using an evaporative light scattering 
detector. Ail of the molecular weight results obtained are relative to linear 
polystyrene standards. Thickness of the polymers was determined by 
elllpsometry measurements on the substrate surface. Thickness 
measurements were made using a Gaertner L1 16A rotating analyzer 

1 5 ellipsometer, which uses a HeNe laser (5 = 632.8 nm) and an incidence angle 
of 70°. 

Example 2 

This example describes the preparation of a surface-bound copolymer 
20 having a target molecular weight of 50,000 daltons and 1 0 mol% of N-methyl- 
N-(2-hydroxyethyl)-acrylamide and 90 mol% N,N-dimethyIacrylamide. Three 
fused silica wafers and one silicon wafer were used in this experiment, it was 
assumed that each surface contained hydroxyl functionalities typically In the 
picomole per square Inch range. In order to add an initiator-control agent 
25 adduct to each surface hydroxy! functionality, 5 x 1 0" 4 mol of the trichlorosiiyl- 
substituted initiator-control agent adduct was used per 2x3 in. wafer. Thus, 
the surface in this example is considered to have a fraction of chain initiator to 
the total number of reactive sites on the substrate surface of about 1. 

Unbound initiator-control agent adduct (1.9 g) was dissolved in 291 mL 
30 of N,N-dimethylacryiamide, 37.9 g of N-methyl-N^-hydroxyethylJacrylamlde, 
32 mg of a-hydridonltroxide, and 30 mL of water. The reaction vessel was 
sealed under argon and heated at 130 °C for 48 h. After the polymerization 
reaction, the wafers were placed In a DMF bath and heated at 50 °C for 12 h 
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to remove non-covalently attached polymer chains, which were then analyzed 
by SEC, as described above. After washing with water and acetone, the 
wafers were air-dried and analyzed via ellipsometry to determine the 
thickness of the surface-bound copolymer film. SEC molecular weight (Mw, 
5 calibration versus polystyrene standards): 72,000; Film Thickness: 275 A. 
Additionally, utilizing the method of determining grafting density described 
above (see, e.g., "Density Calculation"), the chain grafting density of the 
resulting polymer brush was found to be about 38 picomol/cm 2 . 

10 Example 3 

This example describes the preparation of a surface-bound copolymer 
brush having a target molecular weight of 50,000 daitons and 25 mol% 
incorporation of N-methyI-N-(2-hydroxyefhyI)acryIamide. 

Substantially following Example 2, three fused silica wafers and one 

1 5 silicon wafer were modified with the trichlorosilyl-su bstituted initiator/control 
agent adduct to provide a fraction of chain initiator to the total number of 
surface functionalities of about 1 . 1 .9 g of unbound initiator-control agent 
adduct was dissolved In 232 mL of N.N-dlmethylacrylamide, 90.8 g of N- 
methyl-N-(2-hydroxyethyl)acrylamide, 32 mg of a-hydridonitroxide, and 30 mL 

20 of water. The reaction vessel was sealed under argon and heated at 130 °C 
for 48 h. After the polymerization reaction, the waters were placed in a DMF 
bath and heated at 50°C for 12 h to remove non-covalently attached polymer 
that was then analyzed by SEC, as described I above." "After washing with 
water and acetone, the wafers were air dried and analyzed via ellipsometry to 

25 determine the thickness of the surface-bound copolymer film. SEC molecular 
weight (Mw, calibration versus polystyrene standards): 66,000; Film 
Thickness: 290 A; and, Chain Density: ~ 44 picomol/cm 2 . 

Example 4 

30 This example describes the preparation of a surface-bound copolymer 

having a target molecular weight of 10,000 daitons and 10 mol% incorporation 
of N-methyl-N-{2-hydroxyethyl)acrylamide. 
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Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified with the trichlorosilyl-substituted initiator-control 
agent adduct to provide a fraction of chain initiator to the total number of 
surface functionalities of about 1 . 9.5 g of unbound initiator-control agent 
adduct was dissolved in 291 mL of N,N-dlrnethylacrylamide, 37.9 g of N- 
methyl-N-{2-hydroxyethyl)acrylamlde, 160 mg of cc-hydrldonitroxide, and 30 
mL of water. The reaction vessel was sealed under argon and heated at 130 
°C for 48 h. After the polymerization reaction, the wafers were placed In a 
DMF bath and heated at 50°C for 12 h to remove non-covalently attached 
polymer, which was then analyzed by SEC. After washing with water and 
acetone, the wafers were air dried and analyzed via ellipsometry to determine 
the thickness of the surface-bound copolymer film. SEC molecular weight 
(Mw, calibration versus polystyrene standards): 22,000; Rim Thickness: 100 
A; and, Chain Density: - 46 plcomol/cm 2 . 

Example 5 

This example describes the preparation of a surface-bound copolymer 
brush having a target molecular weight of 10,000 daltons and 25 mol% 
incorporation of N-methyl-N-(2-hydroxyethyl)acrylamide. 

Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified with the trichlorosilyl-substituted initiator-control 
agent adduct to provide a fraction of chain initiator to the total number of 

surface functionalities of about 1. 9.1 g of unbound initiator-control agent 

adduct was dissolved in 232 mL of N.N-dimethylacrylamide. 90.8 g of N- 
methyl-N-(2-hydroxyethyl)acrylamide, 160 mg of a-hydridonitroxide, and 30 
mL of water. The reaction vessel was sealed under argon and heated at 130 
°C for 48 h. After the polymerization reaction, the wafers were placed In a 
DMF bath and heated at 50°C for 12 h to remove non-covalently attached 
polymer that was then analyzed by SEC, as described above. After washing 
with water and acetone, the wafers were air-dried and analyzed via 
ellipsometry to determine the thickness of the surface-bound copolymer film. 
SEC molecular weight (Mw, calibration versus polystyrene standards): 
21,500; Film Thickness: 120 A; and, Chain Density: - 56 picomol/cm 2 . 
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Example 6 

This example describes the preparation of a surface-bound copolymer 
brush having a target molecular weight of 50,000 daltons and 25 mol% 
5 Incorporation of N-methyl-N-{2-hydroxyethyl)acrylamlde. 

Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified using 50 mol% of the trichiorosilyl-substituted 
initiator-control agent adduct and 50 mol% of the non-initiating 
benzylderivative (i.e., dummy molecule) to provide a fraction of chain initiator 

10 to the total number of surface functionalities of about 0.25. 1 .9 g of unbound 
initiator-control agent adduct was dissolved in 232 mL of N.N- 
dimethylacrylamide, 90.8 g of N-methyl-N-(2-hydroxyethyl)acrylamide, 32 mg 
of a-hydridonitroxide, and 30 mL of water. The reaction vessel was sealed 
under argon and heated at 130 °C for 48 h. After the polymerization reaction, 

1 5 the wafers were placed in a DMF bath and heated at 50°C for 1 2 h to remove 
non-covalently attached polymer that was then analyzed by SEC. After 
washing with water and acetone, the wafers were air dried and analyzed via 
ellipsometry to determine the thickness of the surface-bound copolymer film. 
GPC molecular weight (Mw, calibration versus polystyrene standards): 

20 75,000; Film Thickness: 90 A; and, Chain Density: - 1 2 plcomol/cm 2 . 

Example 7 

This example describes the preparation of a surface-bound copolymer 
brush having a target molecular weight of 50,000 daltons and 25 mol% 

25 incorporation of N-methyl-N-(2-hydroxyethyl)acrylamide. 

Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified using 25 mol% of the trichiorosilyl-substituted 
initiator-control agent adduct and 75 mol% of the non-initiating benzyl 
derivative which provided a fraction of chain Initiator to the total number of 

30 surface functionalities of about 0.25. 1 .9 g of unbound initiator-control agent 
adduct was dissolved In 232 mL of N.N-dimethylacrylamlde,. 90.8 g of N- 
methyl-N-{2-hydroxyethyi)acrylamide, 32 mg of otrhydridonitroxide, and 30 mL 
of water. The reaction vessel was sealed under argon and heated at 130 °C 
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for 48 h. After the polymerization reaction, the wafers were placed in a DMF 
bath and heated at 50°C for 12 h to remove non-covalentJy attached polymer 
that was then analyzed by SEC. After washing with water and acetone, the 
wafers were air dried and analyzed via eilipsometry to determine the 
5 thickness of the surface-bound copolymer film. SEC molecular weight (Mw, 
calibration versus polystyrene standards): 68,000; Film Thickness: 55 A; and, 
Chain Density: ~ 8 picomol/cm 2 . 

Example 8 

10 This example describes the preparation of a surface-bound copolymer 

brush having a target molecular weight of 100,000 daltons and 25 mol% 
incorporation of N-methyl-N-(2-hydroxyethyl)acrylamide. 

Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified using 50 mol% of the trichlorosilyl-substituted 

1 5 Initiator-control agent adduct and 50 mol% of the non-initiating benzyl 

derivative to provide a fraction of chain initiator to the total number of surface 
functionalities of about 0.5. 0.95 g of unbound initiator-control agent adduct 

was dissolved in 291 mL of N.N-dimethylacrylamide, 37.9 g of N-methyl-N-(2- 
hydroxyethyl)acrylamide, 16 mg of a-hydridonftroxlde, and 30 mL of water. 

20 The reaction vessel was sealed under argon and heated at 130 °C for 48 h. 
After the polymerization reactions, the wafers were placed in a DMF bath and 
heated at 50°C for 12 h to remove non-covalentJy attached polymer, which 
was analyzed by SEC. After washing with waterand acetone, the wafers 
were air dried and analyzed via eilipsometry to determine the thickness of the 

25 surface-bound copolymer film. SEC molecular weight (Mw, calibration versus 
polystyrene standards): 125,000; Film Thickness: 100 A; and, Chain Density: 
~ 8 picomol/cm 2 . 

Example 9 

30 This example describes the preparation of a surface-bound copolymer 

brush having a target molecular weight of 1 00,000 dattons and 25 mol% 
incorporation of N-methyl-N-(2-hydroxyethyl)acryIamide. 
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Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified using 25 mol% of the trichlorosilyl-substituted 
Initiator-control agent adduct and 75 mol% of the non-initiating benzyl 
derivative to provide a traction of chain Initiator to the total number of surface 
5 functionalities of about 0.25. 0.95 g of unbound initiator-control agent adduct 
was dissolved in 291 mL of N,N-dimethylacrylamlde, 37.9 g of N-methyl-N-(2- 
hydroxyemyl)acrylamide t 16 mg of a-hydridonitroxide, and 30 mL of water. 
The reaction vessel was sealed under argon and heated at 130 °C for 48 h. 
After the polymerization reaction, the wafers were placed in a DM F bath and 

1 0 heated at 50 °C for 1 2 h to remove non-covalentiy attached polymer that was 
then analyzed by SEC. After washing with water and acetone, the wafers 
were air-dried and analyzed via ellipsometry to determine the thickness of the 
surface-bound copolymer film. SEC molecular weight (Mw, calibration versus 
polystyrene standards): 1 125,000; Film Thickness: 65 A; and, Chain Density: 

15 - 5 plcomol/cm 2 . 

Example 10 

This example describes the preparation of a surface-bound copolymer 
brush having a target molecular weight of 50,000 daltons and 25 mol% 

20 incorporation of acrylic acid. 

Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified using 75 mol% of the trichlorosilyl-substituted 
initiator-control agent adduct ahd~25 mol% of the non-initiating be nzyl " 
derivative which provided a fraction of chain initiator to the total number of 

25 surface functionalities of about 0.75. 2.1 g of unbound initiator-control agent 
adduct was dissolved in 268 g of N.N-dimethylacrylamide, 50.5 g of acrylic 
acid, 100 mg of a-hydridonitroxide, and 50 mL of water. The reaction vessel 
was sealed under argon and heated at 130 °C for 48 h. After the 
polymerization reaction, the wafers were placed In a DMF bath and heated at 

30 50 °C for 1 2 h to remove non-covalently attached polymer that was then 

analyzed by SEC. After washing with water and acetone, the wafers were air 
dried and analyzed via ellipsometry to determine the thickness of the surface- 
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bound copolymer film. SEC molecular weight (Mw, calibration versus 
polystyrene standards); 76,000. 

Example 11 

This example describes the preparation of a surface-bound copolymer 
brush having a target molecular weight of 50,000 daltons and 25 mol% 
incorporation of acrylic acid. 

Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified using 50 mol% of the trichlorosilyl-substituted 
initiator-control agent adduct and 50 mol% of the non-initiating benzyl 
derivative which provided a fraction of chain Initiator to the total number of 
surface functionalities of about 0.5. 2.1 g of unbound Initiator-control agent 
adduct was dissolved in 268 g of N.N-dimemylacrylamide, 50.5 g of acrylic 
acid, 100 mg of a-hydridonitroxide, and 50 mL of water. The reaction vessel 
was sealed under argon and heated at 130 °C for 48 h. After the 
polymerization reaction, the wafers were placed in a DMF bath and heated at 
50 °C for 12 h to remove non-covalently attached polymer that was then 
analyzed by SEC. After washing with water and acetone, the wafers were air 
dried and analyzed via ellipsometry to determine the thickness of the surface- 
bound copolymer film. SEC molecular weight (Mw, calibration versus 
polystyrene standards): 76,000. 

Example 12 . . ..... 

This example describes the preparation of a surface-bound copolymer 
brush having a target molecular weight of 50,000 daltons and 25 mol% 
incorporation of acrylic acid. 

Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified using 25 rnol% of the trichlorosily^ubstituted 
initiator-control agent adduct and 75 mol% of the non-initiating benzyl 
derivative which provided a fraction of chain initiator to the total number of 
surface functionalities of about 0.25. 2.1 g of unbound initiator-control agent 
adduct was dissolved In 268 g of N.N-dlmethylacrylamlde, 50.5 g of acrylic 
acid, 100 mg of a-hydridonitroxide, and 50 mL of water. The reaction vessel 
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was sealed under argon and heated at 1 30 °C for 48 h. After the 
polymerization reaction, the wafers were placed in a DMF bath and heated at 
50 °C for 12 h to remove non-covalently attached polymer that was then 
analyzed by SEC. After washing with water and acetone, the wafers were air 
5 dried and analyzed via ellipsometry to determine the thickness of the surface- 
bound copolymer film. SEC molecular weight (Mw, calibration versus 
polystyrene standards): 76,000. 

Example 13 

10 This example describes the preparation of a surface-bound copolymer 

brush having a target molecular weight of 50,000 daKons and 25 mol% 
Incorporation of acrylic acid. 

Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified using 12.5 mol% of the trichlorosilyl-substituted 

1 5 initiator-control agent adduct and 87.5 mol% of the non-initiating benzyl 
derivative which provided a fraction of chain Initiator to the total number of 
surface functionalities of about 0.125. 2.1 g of unbound initiator-control agent 
adduct was dissolved in 268 g of N.N-dimethylacrylamide, 50.5 g of acrylic 
acid, 100 mg of a-hydridonitroxlde. and 50 ml_ of water. The reaction vessel 

20 was sealed under argon and heated at 1 30 °C for 48 h. After the 

polymerization reaction, the wafers were placed in a DMF bath and heated at 
50 °C for 12 h to remove non-covalently attached polymer that was then 
analyzed by SEC. After washing with water and acetone, the wafers were air 
dried and analyzed via ellipsometry to determine the thickness of the surface- 

25 bound copolymer film. SEC molecular weight (Mw, calibration versus 
polystyrene standards): 76,000. 

Example 14 

This example describes the preparation of a surface-bound copolymer 
30 brush having a target molecular weight of 80,000 daltons and 25 mol% 
incorporation of N-methyl-N-(2-hydroxyethyi)acryIamide. 

Substantially following Example 2, three fused silica wafers and one 
silicon wafer were modified using 75 moI% of the trichlorosilyl-substituted 
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mltiator-control agent adduct and 25 moi% of the Reinitiating benzyl 
derivative which provided a fraction of chain Initiator to the total number of 
surface functionalities of about 0.75. 1.9 g of unbound initiator-controi agent 
adduct was dissolved in 232 mL of N.NKJimethylacrylamide, 90.8 g of N- 
5 methylWS|.(2-hydroxyethyJ)acrylamide, 32 mg of a-hydridonitroxlde, and 30 mL 
of water. The reaction vessel was sealed under argon and heated at 130 -c 
for 48 h. Afterthe polymerization reaction, the wafers were placed in a DMF 
bath and heated at 50'C for 1 2 h to remove non-covalently attached pohymer 
that was then analyzed by SEC. Afterwashlng with water and acetone, the 
10 wafers were air dried and analyzed via ellipsometry to determine the 

thickness of the surface-bound copolymer film. SEC molecular weight (Mw 
calibration versus polystyrene standards): 88,000; Film Thickness: 175 A; ' 
and, Chain Density: ~ 20 picomol/cm 2 . 

After preparation of the slides was complete, each was activated with 
15 carbonyldidimidazole as generally described above (see, e.g., "CD/ activation 
of HydroxylJunctionalized polymers on glass slides-). These were then 
treated with MDansylcystamine, and reducBveiy cleaved to release the dye 
which was titrated with the HPLC technique as generally described above 
(see, e.g., Cleavable Dye Tesf). More specifically, attachment of the 
cleavable dye is achieved by submerging a brush in about 500 of a dye 
solution for about 12 hours and then washing the brush with anhydrous 
acetonltrile until the wash does not show any fluorescence as measured by 
- HPLC with a fluorescence detector. The slides are then dried and stored in a 
dark, dry place. The attached dye molecules are then cleaved off the brush 
by reaction with 0.5 ml of 0.1 M dithiothreftol (DTT) or other reducing agents In 
acetonltrile in a cleaving chamber. The cleaved dye is then collected and 
quantified by HPLC analysis. Separation Is performed by reverse-phase 
chromatography using a Waters C 18 bonded reverse^hase column (150 mm 
x 3.9 mm) with 4 M m particle size. A gradient method is run using water and 
acetonitrile {water/acetonitrile changing from 70/30 to 20/80 in 60 minutes) 
and a 5 M l Injection of the cleaved solution. Fluorescence is measured with'a 
Waters model 474 fluorescence detector using a 530 nm band-pass emission 
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filter and 450 nm band-pass excitation filter in conjunction with a Xenon 
fluorescence lamp. 

The density of functional groups accessible to this specific dye, N- 
Dansylcystamine, was 2.066 x 10 3 pmol/cm 2 (i.e., about 86% of the total 
5 number of -OH functional sites present on the surface). In terms of functional 
groups density, these results Indicate a significant improvement over slides 
currently available commercially, which typically have a functional group 
density of about 25 pmol/cm 2 . 

1 0 Examples 1 5-1 7: Addition of Control 
Aaent But Not Initiator to Solution 

Example 15 

This example describes the preparation of a surface-bound copolymer 

1 5 brush with 25 mol% incorporation of N-methyl-N-{2-hydroxyethyl)acrylamide 
with control agent, but without sacrificial Initiator-control agent adduct present 
In the reaction mixture. 

Substantially following Example 2, three 1x1 cm silicon wafer were 
modified using 75 mol% of the trichldrosilyl-substituted initiator-control agent 

20 adduct and 25 mol% of the non-Initiating benzyl derivative to provide a 

fraction of chain initiator to the total number of surface functionalities of about 
0.75. 32 g (0.32 moles) of N,N-dlmethylacrylamlde, 10.3 g (0.08 moles) of N- 
memyl^-(2-hydroxyethyl)aciylamide and "1.864Tng^8.5x1CT 3 mmoies, 2x10"* 
M)of a-hydridonitroxide were placed in a 1 00 mL flask together with the silicon 

25 wafers. The reaction vessel was sealed under argon and heated at 130 °C for 
a total of 20 h. After 3, 6 and 20 h, respectively one of the wafers was 
removed and washed with acetone tor 2 h, air dried and analyzed via 
ellipsometry to determine the thickness of the surface-bound copolymer film. 
Film Thickness: 3h: 20 A (mo!, wt. - 5236 g/mol); 6h: 31 A (mol. wt. - 81 1 5 

30 g/mol); 20h: 46 A (mol. wt - 12,042 g/mol). 
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Example 16 

This example describes the preparation of a surface-bound copolymer 
brush with 25 mo)% Incorporation of N-methyl-N-(2-hydroxyethyl)acrylamide 
with control agent, but without sacrificial initiator-control agent adduct present 
5 in the reaction mixture. 

Substantially following Example 2, three 1x1 cm silicon wafer were 
modified using 75 mol% of the trfchlorosilyl-substituted Initiator-control agent 
adduct and 25 mol% of the non-initiating benzyl derivative to provide a 
fraction of chain initiator to the total number of surface functionalities of about 
10 0.75. 32 g (0.32 moles) of N,N-dimethylacrylamlde, 10.3 g (0.08 moles) of N- 
methyl-N-(2-hydroxyethyl)acrylamlde and 18.64 mg (8.5X10" 2 mmoles, 2X10" 3 
M)of a-hydridonitroxlde were placed in a 1 00 mL flask together with the silicon 
wafers. The reaction vessel was sealed under argon and heated at 130 °C for 
a total of 20 h. After 3, 6 and 20 h, respectively one of the wafers was 
15 removed and washed with acetone for 2 h. air dried and analyzed via 

ellipsometry to determine the thickness of the surface-bound copolymer film. 
Film Thickness: 3h: 20 A (mol. wL ~ 5238 g/mol); 6h: 31 A (mol. wL - 81 15 
g/mol); 20h: 39 A (mol. wt. ~ 10,209 g/mol). 

20 Example 17 

This example describes the preparation of a surface-bound copolymer 
brush with 25 mol% incorporation of N-methyl-N-(2-hydroxyethyI)acrylamide 
with control agent, but without sacrificial initiator-control agent adduct present . , 
in the reaction mixture. 

25 Substantially following Example 2, three 1x1 cm silicon wafer were 

modified using 75 mol% of the trichlorosilyl-substituted Initiator-control agent 
adduct and 25 mol% of the non-initiating benzyl derivative to provide a 
fraction of chain initiator to the total number of surface functionalities of about 
0.75. 32 g (0.32 moles) of N.N-dlmethylacrylamlde, 10.3 g (0.08 moles) of N- 

i0 methyi-N-(2-hydroxyethyl)acryIamlde and 0.1864 mg (8.5X10" 4 mmoles, 2x10" 
6 Mtof cc-hydridonitroxide were placed in a 100 mL flask together with the 
silicon wafers. The reaction vessel was sealed under argon and heated at 
130 °C for a total of 20 h. After 3, 6 and 20 h, respectively one of the wafers 
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was removed and washed with acetone for 2 h, air dried and analyzed via 
ellipsometry to determine the thickness of the surface-bound copolymer film. 
Film Thickness: 3h: 16 A (mol. wt. - 4188 g/mol); 6h: 22 A (mol. wt. - 5759 
g/mol); 20h: 32 A (mol. wt - 8377 g/mol). 

5 

Example 1 8: Addition of Control 
Aaant But Not Initiator to Solution 

This example describes an approach similar to Examples 15-17, 
1 0 above, In than no free initiator is present in the polymerization mixture. 
However, unlike those examples, here the iniferter technique is employed in 
place of the nitroxide-mediated, controlled polymerization. 

1- Synthesis of the initiator. 

15 

p-(Chloromethyl)phenyltrimethoxysilane (0.4g,1 .62mmol) and N,N- 
dlethyi dithiocarbamate sodium salt (0.370mg, 2.17mmol) were each 
dissolved separately in 3 mL of dry THF. The N.N-diethyl dithiocarbamate 
solution was added slowly to the p-(Chloromethyl>-phenyltrimethoxysiIane 
20 solution via a syringe. The solution was stirred for 7h at room temperature. A 
white precipitate was formed almost immediately (Nad) and, during the 
reaction period, the solution became more yellow. The mixture was then 
filtered arid the crude product was used without further purification. 

25 2Surface grafting of the initiator: 

The solution of initiator (0.2-0.3 M in dry THF or dry toluene) was 
directly used on glass wafers as well as on silicon wafers, prepared as 
described above with respect to Examples 2-14. Typically each wafer is 
30 immersed one after the other in 5 ml of solution for up to about 2 to 3 days at 
room temperature, to allow the initiator to react with the surface silanol 
groups. The surfaces were covered by 2-3 mm of solution each time. Then, 
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the wafers were washed with DMF and dried under a prepurlfled N 2 flow at 
room temperature. 



10 



15 



3Synthesis of polymer brushes: 

Reactions were performed In a glove box with low amount of oxygen 
(about 1 ppm or less). Each silicon wafer was Immersed In distilled 
dimethylacrylamide (1 ml). As Indicated by the table below, various 
concentrations of the control agent, tetraethylthiuram disulfide (TEDS) were 
used In each preparation. The surfaces were then placed about 10 cm from a 
365-366 nm UV lamp and Irradiated for the required time at room 
temperature. After polymerization, the samples were immersed In 50 ml of 
dichloromethane overnight to remove homopolymers that may have formed in 
solution. Finally, the surfaces were dried under a prepurifred N 2 flow at room 
temperature. The surfaces were then characterized by ellipsometry 
measurements. 



Control agent 
(TEDS) 


Irradiation 
time 


Monomer 
conversion in 
solution (%) 


Polymer 

thickness 

(Angstroms) 


None(*) 


5mn 


1 


0 


None 


5 mn 


1 


41 


None , ... 


-50 mn „ 


.3. 


333. ... 


0.001 M/L 


50 mn 


5.5 


158 


0.01 M/L 


780 mn 


80 


58 



(*) : reference sample with no bound Initiator 



20 These experiments show that no polymerization occurs on the wafer, 

and virtually no polymer is formed In solution when no initiator is grafted on ' 
the surface. It also shows a steady increase of the polymer thickness as the 
irradiation time is prolonged. The addition of control agent actually slows 
down the growth and provides additional control. 
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Example 19 - Performance Study 

The polymer substrate can be evaluated as a biosensor based on the 
ability of the polymer-bound probes to capture blomolecules (e.g. target) from 
solution. This performance can be evaluated in terms of the overall efficiency 
5 and selectivity of target binding, e.g., by evaluating (1) the total amount of 
target bound, (2) the ability to detect and quantify the amount of specific target 
in solution, (3) the ability to detect and quantify the amount of specific target 
within a complex solution, (4) the ability to enhance the dynamic range 
through detection of very low concentrations of target, or (5) the combined 

1 0 ability to detect these signals above the background and noise of the system. 
This example illustrates a method for testing the performance of the 
polymers as a substrate for oligonucleotide probe attachment and subsequent 
DNA target hybridization. In this example, oligonucleotide probes of 50-bases 
(50mers) were Immobilized to polymer substrates of varying fractions of 

1 5 surface bound chain initiator to the total number of surface functionalities (the 
fraction ranging from 0.1 25 to 0.75). Probe concentrations within a 0 - 200 
micromolar range were used to test the loading (chemical attachment) 
efficiency of these probes to the activated polymer substrates. Complex 
(gene expression) target solutions were then applied to the probe arrays, 

20 where the solution included "spiked" picomolar concentrations of particular 
targets to test the efficiency of capturing/sampling very low target populations 
within a complex hybridization solution. The results are illustrated in Fig. 7. 

: Ail of the substrates demonstrated a loading capacity that mimicked 
solution hybridization, suggesting that the loading is not significantly limited or 

25 slowed by surface effects or mesh-hindered diffusion. For the range of 
polymer densities tested, the polymer designed with 0.25 initiator fraction 
reproducibly demonstrated the best performance in loading capacity for the 
50-base probes. This result is consistent with the - 40 A mesh-size analysis 
of the polymer architecture, suggesting that the polymer substrate can be 

30 tailored to achieve an optimal loading capacity if the mesh is roughly 
equivalent to half the radius of gyration of the intended probes. 

The same polymer (with 0.25 initiator fraction) also reproducibly 
demonstrated the best performance in target hybridization, presumably due to 
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the increased probe density and solution-like binding performance. For the 
polymers designed with 0.25 to 0.75 initiator fraction, these substrates 
significantly increased the dynamic range of the hybridization performance, as 
shown by the ability to hybridize and recognize ("call") more of the targets 
present at very low concentrations. In some cases, these substrates 
accurately called 100% of the targets in the gene expression solution. 

Example 20 

This example generally describes an approach for preparing a polymer 
brush in accordance with one embodiment of the present invention, wherein 
an iniferter/UV system is employed to Initiate polymerization. No free infferter 
Initiator is added to the monomer solution; rather, Initially the iniferter is only 
attached to the substrate surface (as describe herein). 

1 - Synthesis of the Initiator (Phoioiniferter): 

To a 1 00 ml round bottom flask was introduced 5 g (20 mmol) of p- 
(chloromethyl)phenyltrimethoxysilane dissolved in 20 cc of dry THF. To the 
stirring solution was then added slowly 4.6 g of N.N-dlethyldithiocarbamate 
sodium salt, a white sodium chloride precipitate forming almost immediately. 
The reaction was allowed to proceed at room temperature for 6 hours, after 
which the crude product was filtered. The crude product was used without 
further purification. 




V 

+ V 

MeCri'^OMe NaS' 



MeO 
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It is to be noted that when preparing a solution with a dummy or spacer 
molecule, p-(chloromethyl)phenyltrimeihoxysilane and phenyltrimethoxysiiane 
(shown below) are mixed together at the beginning of the process. The 
5 sodium salt is then introduced In a slight excess compared to the p- 
(chloromethyi) derivative. 



2 - Surface Grafting of Initiator: 

The crude product was poured into a 500 ml beaker containing 10 
wafers. Non-anhydrous THF was then added to ensure complete coverage of 
the wafers with the solution (the total volume after the additional THF was 

1 5 added being about 500 ml). Wafers were left in contact with the solution for 
about two days at room temperature in a dessicator (or, alternatively, the 
beaker is covered with aluminum foil), In order to avoid evaporation of the 
solvent Afterward, the wafers were removed from the beaker, rinsed with 
dichloromethane, and then dried under a flow of inert gas (e.g., nitrogen or 

20 argon). 

It is to be noted that when the wafers are removed from the solution 
and rinsed, they are not wiped or touched with human hands. Additionally, 
rinsing or drying (under a gas stream) is not done perpendicular to the surface 
(in order to avoid etching of the surface). 




"spacer" 
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3 - Synthesis of Polymer Brushes: 

The once removed from the above solution and dried, each wafer was 
position so that it was exposed at approximately 10 cm from the UV source 
(about 365 or 366 nm). For irradiation, the wafers were placed in a beaker 

5 and immersed in a degassed solution of monomer (I.e., a bulk polymerization 
was performed), so that the surface was covered by at least about 2 mm of 
solution. The oxygen concentration was kept as low as possible during the 
process (i.e., less than about 2 ppm). When degassing the monomer (DMA), 
the liquid was introduced in a round bottom flask and degassed under vacuum 

0 thoroughly. The flask was then sealed under vacuum and introduced In the 
antechamber of the glove box. 

After the reaction was complete, the wafers were removed from the 
irradiation source and rinsed with dichloromethane. The surface was then 
dried with a flow of nitrogen or argon. 



5 



Example 21 



1 - Synthesize ofPoly(t^utylacry!amlde)-bi>oly(N,N<limeWylacryiamide) 

A solution off-butyl acrylamide In dlmethyifbrmide was prepared (3 g, f- 
butyl acrylamide dissolved in 15 cc DMF), and then poured on a modified 
silicon wafer (3 inches In diameter) to insure total coverage of the surface by 
the solution during the Irradiation. The surface was then Irradiated for 30 
minutes at 366 nm, washed with acetone and dichloromethane, and then 
dried under an inert gas stream. The resulting thickness was analyzed by 
ellipsometry and found to be 100 angstroms. 

The wafer was then Immersed In N.N-dimethylacrylamide and 
irradiated further at 366 nm for 30 minutes. After rinsing and drying the 
surface (as described above), the final thickness was found to be 1400 
angstroms (as determined by ellipsometry). 
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2 -Stability Test 

The Impact of a hydrophobic layer on the substrate surface was 
investigated by exposing two different polymer brush surfaces to a sodium 
hydroxide solution (about 10 mmol) for about 15 minutes. The first brush 
5 contained a hydrophobic layer of f-butyl acrylamide (log P about 1 .02) on the 
surface (about 100 angstroms thick), as well as a second water-soluble or 
water-dlsperslble layer (about 1300 angstroms thick) of dimethyl acrylamide 
(log P about -0.13). For purposes of comparison, a second brush was tested 
having only a water-soluble or water-disperslble layer of dimethyl acrylamide 

1 0 (about 1 220 angstroms thick). 

After treatment, the surfaces were rinsed and dried (as described 
above), and then the overall polymer thickness of each brush was again 
measured. For the first, the total or overall thickness was reduced from about 
1400 angstroms to about 1230 angstroms, about a 12% reduction. In 

1 5 comparison, the total or overall thickness of the second brush was reduced 
from about 1220 angstroms to about 730 angstroms, about a 40% reduction. 
(It is to be noted that each thickness is the average of three measurements for 
each brush.) From these results, it is clear that the hydrophobic layer 
provides significant protection against the basic solution (the decrease in 

20 thickness indicating a decrease in density because, as the chains become 
less density, they are able to pack more tightly, thus reducing thickness). 



Example 22f P reparation of "Pre-activated" Monomers 
25 1 - (a) Synthesis of N-hydroxysucdnimldyl Acrylate (C): 



-A,* H °-y 



EtgN O Q 

DMAP 




(A) (B) (C) 
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In a round bottom flask, 10 g (86.9 mmol) of N-hydroxysuccinimide (B) 
was dissolved In 60 ml of anhydrous CH 2 CI 2 - The reaction was chilled to 0 °C 
with an ice bath. A solution of 8.26 g (91 .3 mmol) acryloyl chloride (A) In 30 
ml of CH2CI2 was then slowly added from a dropping funnel, followed by the 
5 addition of DMAP (50 mg). A solution of EfeN (9.65 gr, 95.6 mmol) in 30 ml of 
CH2CI2 was then added drop-wise. The reaction was stirred at 0 °C for 1 hr, 
and at RT for 3 hr. The organic solution was washed 2 times with water and 1 
time with brine, and then dried with MgS0 4 . After filtration, the filtrate was 
evaporated to dryness. The residue was purified by flash chromatography 
1 0 using ether as the eluant, followed by recrystallization from ether/hexane. The 
yield of the final product was 54%. 

1 - (b) Synthesis of 2-(methacrytoyloxy)ethylamino Nsuccinlmldyl carbamate 
(F) 

15 



20 




To an oven dried round hottom flask is added 815 mg (7.08 mmol) of 
N-hydroxysuccinimide (E). The flask was closed with a septum and flushed 
30 with argon. Anhydrous toluene (20 ml) was added with a syringe, followed by 
1 ml (7.08 mmol, 1.098 g) of isocyanoethyl methacrylate (D). Pyridine (0.57 
ml) was then added drop-wise. The mixture was stirred for 2 hr at RT. 
Hexane was added until an oil (or solid) separated. The supernatant was 



I 
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discarded. The oil or solid was redissolved in dichloromethanerether (1:2). 
Hexane was added until the solution started to get cloudy. The flask was then 
left in the fridge overnight. 

White crystals where collected by filtration. A second batch was then 
5 obtained by adding more hexane to the remaining solution. (Yield: 98%.) 

2 - Polymer Brush Preparation: 

(a) Substrate Surface Preparation for Hydrosilylation: 

10 In order to prepare the substrate surfaces (I.e., glass slides) tor use, 

the substrates were Immersed a series of solutions. Specifically, the 
substrates were immersed sequentially in: (a) a nanostrip solution for 15 
minutes; (b) a 10% NaOH solution at 70°C for 3 minutes; and, (c) a 1 % 
aqueous solution of hydrochloric acid for 3 minutes (the slides being 

1 5 immersed in deionized water after being removed from each solutions and 
before being immersed in the subsequent solution). Afterward, the substrates 
were allowed to air dry, and then they were place in a vacuum oven over night 
(at a temperature of about 100°C). 

20 (b) Hydmsilylatton of Initiator and Dummy Molecules: 

To begin, all of the glassware employed in the hydrosilyiation process 
was oven dried. Different ratios of Initiator to dummy were then weighed into 
the reaction vessel, which were purged with Ar gas continuously. In this 

25 instance, for 1 0 slides a total of 3.2 mmoles (mmoles initiator plus mmoles 
dummy) were used. For example, using a 50:50 1:D ratio, the appropriate 
molar ratio of initiator to dummy is 1 .6 mmoles Initiator to 1 .6 mmoles dummy 
(0.677g initiator to 0.282g dummy). Referring to the table provide below, 
three different ratios of l/D were Investigated: l:D ■ 12.5:87.5, 50:50, and 

30 75:25. 
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Molecule 


l/D=1 2.5787.5 


l/D=50/50 


l/D=75/25 


Initiator (1) 


0.169 g 


0.677g 


1.015g 


Dummy (D) 


0.493g 


0.282g 


0.141g 



Once each Initiator to dummy combination was weighed into the 
appropriate reaction vessel, 15 ml of (CI^SIH were added to each vessel. A 
• 5 platonic solution ( 2.5 ml) was then added to each vessel (in this case, a 
solution comprising 15mg HPtCle in 1.25 ml anhydrous ethanol and 1.25 ml 
anhydrous ethylene glycol dimethylether was used). The reaction vessels 
were sealed tightly, covered with aluminum foil and stirred overnight. The 
following day, 5 ml of anhydrous toluene were added, and then excess 

1 0 (CI)3SIH was removed under pressure and mild heat (using a rotavap). 
Anhydrous CH2CI2 (20 ml) was added, and then solvent removal was 
continued until the toluene level was reached (again using the rotavaped). 

The resulting solution was fitter through a syringe filled halfway with 
anhydrous Na2S0 4 , and then 20 ml CH2CI2 were added. Again, the ChfeCfe 

15 was removed until the toluene level was reached (using the rotavap). The 
resulting product In toluene was stored under Ar gas for further use in bonding 
onto glass slides. 

(c) Surface-bonding of Initiator and Dummy Molecules 
20 . onto Glass Slide Substrates: ... — 

In a dry glove box, the substrates (i.e., 5 glass slides) which were 
cleaned as described above were placed in the silylation chamber. Toluene 
(20 ml) was added to the chamber, followed by 5 ml of one of the modified 

25 initiator and dummy solutions (i.e., hydrostiylation solutions) described above, 
and then 5 ml of (Et^N (99.8% solution). The reaction solution was covered 
and left to stand in the glove box for 72 hours with gentle shaking. After this 
time had elapsed, the slides were removed from the solution and glove box, 
and then washed with acetone and DMF solvent Finally, the slides were 

30 allowed to air dry. 
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(d) Polymer Brushes on Glass Slides: 

Reaction solutions were prepared inside the glove box and then 
5 glassware was oven dried. Using a round petrl dish containing PEEK racks 
with 6 modified glass slides as described above (two glass slides from each 
l/D ratio), 31 .2 g of dimethyl acrylamide (DMA) was added, followed by 13.0 g 
of N-hydroxysucc1nlmldy[ acrylate (NHSA) (25 % molar ratio to DMA), 
3.19x1 0*g of initiator-control agent adduct, 0.15x10*g of nitroxlde (same 

10 nitroxide as that employed in Experiment 2, above), and finally 60 ml of 
dimethyl foramide (DMF) distilled over sodium metal. The reaction vessel 
was tightly sealed and then heated to 126 °C In oil bath for 9 to 10 hours 
(heating was continued until the target molecular weight of about 50,000 was 
reach, the reaction being followed by GPC measurement). 

1 5 Once the reaction was complete, the glass slides were washed with 

anhydrous DMF inside the glove box three times over a period of 30 hours, 
and then stored in a dark (wht a desiccant). 

Three different molar ratios of NHS monomer to DMA monomer were 
studied: 25%, 1 0% and 5%. 

20 



NHS% 


NHS(g) 


DMA(g) 


Adduct(g) 


Nltroxide(g) 


MF 


25 


13.0 


31.2 


3.19x10* 


0.12x1 0* 


55 ml 


10 


5.8 


35.0 


3.02x10* 


0.10x10* 


60ml' 


5 


4.2 


50.0 


3.73x10* 


0.13x10* 


70ml 



(a) Quantification of Linking Efficiency of Activated Slides: 

This method was used to optimize the activation process and brush 
25 parameters (brush density, molecular weight and functionality), and quantify 
covalently attached ollgonucleotldes/DNA (probes). DNA solutions are 
printed on the activated slides and linking efficiency is measured by using a 
fluorescence scanner. (Note that results are further Illustrated by the Tables 
and Graphs presented in Figs. 10a through 10d.) 
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Preparation of DNA printing solution: Solutions of probe oligo (Cy3- 
TAATGAAACTGGATGTAGAGATAGATGAATGTTGATAGCGACGAGCGAT- 
NH2 3') were made at different concentrations (10, 25, 50 and 1 00 M) In a 
5 printing buffer (1 50 mM sodium phosphate, pH 8.5). 

Printing and coupling DNA: Activated slides or slides containing 
activated monomers were taken out of the desiccator. DNA solution was 
printed on activated slides to form mlcroarrays by using an internal facility for 
10 spotting arrays. The printed slides are placed in a slide storage box and the 
uncovered storage box is set in a humidification chamber, which is maintained 
at 80% relative humidity. The slides are allowed to incubate overnight 

Post-coupling processing: The coupled slides are placed in a slide 
1 5 rack and residual reactive groups are blocked by using 1 0 ml per slide of pre- 
warmed blocking solution (50 mM ethanolamine, 0.1 M Trls, pH 9) at 50°C for 
20 minutes. Prior to warming, SDS (sodium dodecyl sulfate) is added to the 
blocking solution to a final concentration of 0.1%. After the blocking solution 
Is discarded the slides are rinsed with distilled water, dried under N2 flow and 
20 stored in a dark, dry place (in a slide storage box inside a desiccator). 

The DNA linked to the slide Is quantified by using a GSI Lumonics 
scanner. The system Is operated at ambient temperature and fluorescence is 
measured using a 570-nm band-pass emission filter and 550-nm band-pass 
excitation filter in conjunction with a HeNe laser (543.5 nm). ScanAiray™ 
25 software is used for data acquisition and the images are analyzed using 
QuantArray™ to quantify the fluorescence of each spot 

Example 23: Preparation of Brush for Lame Probe Attachment 

30 The procedure is carried out in a dry box, with an oxygen level lower 

than 2 ppm. The activated glass slides (initiator to dummy ratio of 2% to 98%) 
are placed in a flat container. A mixture of dimethylacrylamlde (DMA) and N- 
methyl-N-2-hydroxyethyIaciylamide (DMA-OH) is prepared and poured slowly 
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over the surfaces, so that all of the slides are completely covered with at least 
2 mm of the solution. UV Irradiation (366 nm) perpendicular to the surface is 
then earned out for 60 minutes. The source is positioned 1 0 cm over the 
surface. The slides are then soaked in dichloromethane overnight. 
5 Afterward, the slides are rinsed with dichloromethane, and dried with Ar flow. 
Elipsometry measurements show a thickness of 50 angstroms. [OH] density: 
46 pmoles/cm 2 . 

Example 24: Preparation of Brushes having Functional Sites 
10 which do not r equire Activation for Probe Attachment 

Preparation ofDMA/GMA polymer brushes 

The procedure is carried out in a dry box, with an oxygen level lower 
1 5 than 2 ppm. The Si wafers or glass slides, previously treated with the initiator 
and dummy solutions as shown In Example 20-2, are placed in a flat 
container. A mixture of DMA and GMA is prepared and poured slowly over 
the activated surfaces (prepared as described In example 20), so that the 
surface of each slide Is completely covered with at least 2 mm of the solution. 
20 UV irradiation (366 nm) perpendicular to the surface is then carried out. The 
source is positioned 10 cm over the surface. After the required time, the 
source is turned off, and the wafers are soaked in dichloromethane overnight 
Afterward , the wafers are rinsed with dichloromethane, and dried with an Ar 
flow. 

25 Following this process, various slides were prepared having different 

initiator to spacer or dummy ratios (l/D ratio), ratios of GMA to DMA, and 
irradiation times. A few combinations are indicated in the table, below. 



l/D ratio 


GMA/DMA ratio 


Irradiation time 


Brush Thickness 


50/50 


10/90 


15min 


289 A 


15/85 


5/95 


30 min 


170 A 
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Example 25: Synthesis of polymer brushes by the UV method 

Synthesis of the initiator/surface modification: The preparation of 
the initiator and spacer, as well as the derivatization of the substrate surface 
5 using this, was the same as disclosed above in Example 20. 

Results on silicon wafers: Reactions were performed in a glove box 
with low amount of oxygen (about 1 ppm or less). Each silicon wafer was 
immersed in distilled dimethylacrylamide (1 ml). Some functional monomers 
1 0 (shown below) were used in random copolymerizations. Different amounts of 
the dummy molecule (structure above) were used In order to tune the polymer 
chain densities. 

The surfaces were then placed about 10 cm from a 365-366 nm UV 
lamp and irradiated for the required time at room temperature. After 
1 5 polymerization, the samples were immersed in 50 ml of dichloromethane 

overnight to remove homopolymers that may have formed in solution. Finally, 
the surfaces were dried under a prepurified N 2 flow at room temperature. The 
surfaces were then characterized by elllpsometry measurements. 
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Functional 


Time of Irradiation 


Thickness by 


Ratio: D/l 


monomer 

%(w/w) 


(mn) 


ellipsometry 


0/0 


0 


15 


- 


0/0 


0 


30 




0/0 


0 


50 




0/100 


0 


0 


12 


0/100- 


0 


15 


620 


0/100 


0 


30 


1210 


0/100 


0 


50 


2040 


0/100 


15 (H-alc) 


30 


1094 


0/100 


23 (Me-a!c) 


30 


1221 


75/25 


0 


30 


329.17 


50/50 


0 


30 


611.8 


25/75 


0 


30 


940 



Synthesis of Block Copolymers (poly (tert butyl acrylamide)-b- 
poIy(N f N-dimethylacrylamIde) )- Further to Example 21 , above, 
synthesis of different block copolymers on a silicon wafer, using poly(te/t- 
buty!acrylamide)4)-poly(N f N-dimethylacrylamlde) was performed, as Indicated 
below. 
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Initiator/ 
Dummy 


C1 

(g/cm 3 ) 


T1 

(min) 


1 

(A) 


T2 (min) 


2 

(A) 


100/0 


0.25 


0 


25 


60 


1800 


100/0 


0.25 


0 


25 


60 


1800 


100/0 


0.25 


0 


25 


60 


1840 


100/0 


0.25 


0 


25 


60 


1820 


100/0 


0.25 


15 


55 


60 


1800 


100/0 


0.25 


15 


55 


60 


2000 


100/0 


0.25 


15 


55 


60 


1970 


100/0 


0.25 


15 


55 


60 


1970 


100/0 


0.25 


30 


145 


60 


2000 


100/0 


0.25 


30 


145 


60 


2000 


100/0 


0.25 


30 


145 


60 


2100 


100/0 


0.25 


45 


220 


60 


1800 


100/0 


0.25 


45 


220 


60 


2010 


100/0 


0.25 


45 


220 


60 


2000 


100/0 


0.25 


45 


220 


60 


2000 



(Table Key: C1 : Initial concentration of tert butyl acrylamide in dimethyl 
5 formamide; T1 : Time of irradiation to synthesize the first block (poly tert butyl 
acryiamide) of ihe polymer brush; 1: Thickness of the first block (poly tertbuty! — 
acrylamide) of polymer brush measured by ellipsometry; T2: Time of 
irradiation to synthesize the second block poly(dimethyl acrylamide) of the 
polymer brush; and, 2: Thickness of the second block poly(dimethyl 
1 0 acrylamide) of polymer brash measured by ellipsometry.) 
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Synthesis of Block Copolymers Polystyrene-block-Poly (dimethyl 
acrylamide): Synthesis of different block copolymers on a silicon wafer 
Polystyrene-block-Poly (dimethyl acrylamide). 



Initiator/ 


T1 (min) 


1 


T2 (mln) 


2 


Dummy 




(A) 




(A) 


100/0 


0 


17 


60 


2000 


100/0 


0 


17 


60 


1450 


100/0 


0 


17 


60 


1430 


100/0 


0 


17 


60 


1450 


100/0 


15 


65 


60 


1420 


100/0 


15 


65 


60 


1412 


100/0 


15 


65 


60 


1450 


100/0 


15 


65 


60 


1700 


100/0 


30 


120 


60 


1402 


100/0 


30 


120 


60 


1330 


100/0 


30 


120 


60 


1350 


100/0 


30 


120 


60 


1430 


100/0 


60 


260 


60 


1300 


100/0 


60 


260 


60 


1312 


100/0 


60 


260 


60 


1300 


100/0 


60 


260 


60 


1250 



(Table Key: T1 : Time of irradiation to synthesize the first block (Polystyrene) 
of the polymer brush; 1 : Thickness of the first block (Polystyrene) of polymer 
brush measured by ellipsometry; T2 : Time of irradiation to synthesize the 
1 0 second block poly(dlmethyl acrylamide) of the polymer brush; 2: Thickness of 
the second block poly(dimethyl acrylamide) of polymer brush measured by 
ellipsometry.) 
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It is to be understood that the above description is intended to be 
illustrative and not restrictive. Many embodiments will be apparent to those of 
skill in the art upon reading the above description. The scope of the invention 
should therefore toe determined not with reference to the above description, 
5 but should instead be determined with reference to the appended claims, 
along with the full scope of equivalents to which such claims are entitled. 

The disclosures or references of all articles, patents and references, 
including patent applications and publications, are incorporated herein by 
reference for all purposes. 
10 Other embodiments are within the following claims. 
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WE CLAIM: 

1 . A sensor for binding a molecule In an aqueous sample in an assay, 
the sensor comprising: 

a substrate surface; 

a layer on the substrate surface comprising polymer chains having two 
termini and a water-soluble or water-dispersible intermediate segment 
between the termini, one terminus being free and the other terminus being 
bound to the substrate surface, the intermediate segment containing groups 
for the attachment of a probe for binding the molecule, said groups being 
capable of attaching said probe without first being subjected to a chemical 
treatment to activate said for probe attachment; and, 

a probe for binding the molecule. 

2. The sensor of claim 1 wherein a hydrophilic layer comprises the 
water-soluble or water-dispersible polymer chain segments, said segments 
comprising repeat units derived from a water-soluble or water-dispersible 
monomer having a log P value of less than about 1 f 0.5, 0,3, 0.1 , -0.1 , -0.3 or 
-0.5. 

3. The sensor of claim 1 or 2 wherein said water-soluble or water- 
dispersible intermediate segment is formed from a monomer having the 
formula: 

P 

(X)m 
E 

wherein P comprises a functional group capable of undergoing free radical 
polymerization, E comprises a functional group capable of reacting with the 
probe, m is greater than or equal to 0, and X, when present, is a moiety which 
links P and X. 
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4. The sensor of claim 3 wherein said water-soluble or water- 
dispensible intermediate segment is formed from a monomer having the 
formula: 



R 4 




(R 7 )w 

wherein: R 4 is a hydrogen or an alkyl substituted; each R 7 is selected from 
the group consisting of hydrogen, substituted or unsubstituted hydrocarbyl, 
heterohydrocarbyl, alkoxy, substituted or unsubstituted aryl, sulphates, and 
thioethers; X, when present, is a linking moiety selected from the group 
consisting of substituted or unsubstituted hydrocarbylene and 
heterohydrocarbylene; m Is greater than or equal to 0; and, w is an integer 
ranging from about 1 to 4. 

5. The sensor of claim 4 wherein m is 0, the monomer having the 
formula: 



R 4 
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wherein R 4 , R 7 and w are as defined in claim 4. 

6. The sensor of claim 4 wherein m is an integer ranging from about 1 
to 5, X being a linking moeity represented by the formula: 



£ C N ■ ^ C J ' 



wherein n is an integer ranging from about 1 to 5. 

7. The sensor of claim 6 wherein said water-soluble or water- 
dispersible intermediate segment is formed from a monomer selected from 
group consisting of: 



R 
I 

H 2 C=C 

c=o 

f!lH 
(? H 0n 

c=o 

,! 

NH 

c=o 



4 

(R 7 ) w 



and 



WO 02/056021 



128 



PCT/US02/00746 




wherein R 4 , R 7 and n are as defined in claim 6. 

8. The sensor of claim 3 wherein said water-soluble or water- 
dispersible intermediate segment is formed from a monomer selected from 
the group consisting at 



O 

- 7 1 as ■■■ ^ ^^^Q* 
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wherein R 9 is hydrogen or hydrocarbyl. 

9. The sensor of claim 8 wherein said water-soluble or water- 
dispersible intermediate segment is formed from a monomer selected from 
the group consisting of N-aciyloxysucdnimide, 2-(methyIacryloyloxy)ethyl 
acetoacetate, glyckJyl methacrylate and 4 f 4-dimethyl-2-vlnyl-2-oxazolln-5-one. 

10. The sensor of claim 1 wherein the polymer chains additionally 
comprise a hydrophobic segment between the water-soluble or water- 
dispersible intermediate segment and the substrate. 

1 1 . The sensor of claim 1 0 wherein the hydrophobic segment has a 
dry thickness of at least about 1 00 angstroms, 250 angstroms, 500 
angstroms, 750 angstroms, 1000 angstroms, 1250 angstroms, 1500 
angstroms or 2000 angstroms. 

12. The sensor of claim 10 wherein the hydrophobic segment has a 
dry thickness ranging from about 50 to about 2000 angstroms, from about 100 
to about 1500 angstroms, from about 250 to about 1250 angstroms, or from 
about 500 to about 1000 angstroms* 

13. The sensor of claim 10 wherein, in addition to said hydrophobic 
polymer chain segments, spacer molecules are aiso attached to the substrate 
surface, the ratio of said hydrophobic polymer chain segments to the sum of 
hydrophobic polymer chains segments and spacer molecules ranging from 
about 0.1 to about 1 , from about 0.2 to about 0.8, or from about 0.4 to about 
0.6. 

14. The sensor of claim 10 wherein, in addition to said hydrophobic 
polymer chain segments, spacer molecules are also attached to the substrate 
surface, the ratio of said hydrophobic polymer chain segments to the sum of 
hydrophobic polymer chains segments and spacer molecules being less than 
about 1,0.8 or 0.6. 
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15. The sensor of claim 10 wherein the hydrophobic polymer chain 
segments are linear. 

1 6. The sensor of claim 10 wherein the hydrophobic polymer chain 
segments are branched. 

1 7. The sensor of claim 10 wherein at least a portion of the 
hydrophobic polymer chain segments are crosslinked to other hydrophobic 
polymer chain segments In the hydrophobic layer. 

18. The sensor of claim 10 wherein the ratio of water-soluble orwater- 
dispersible segments to hydrophobic segments is less than about 0.8:1, 0.6:1, 
0.4:1, 0.2:1, 0.1:1, 0.05:1 or 0.01:1. 

19. The sensor of claim 10 wherein the hydrophobic layer comprises 
hydrophobic polymer chain segments, one end of each of said hydrophobic 
segments being attached to the substrate surface, and further wherein a 
hydrophilic layer comprising the water-soluble or water-dispersible polymer 
chain segments, one end of each of said water-soluble orwater-disperslble 
segments being attached to the hydrophobic layer, the ratio of water-soluble 
or water-dispersible segments to a number of sites of attachment on the 
substrate surface being less than about 1:1. 

20. The sensor of claim 1 9 wherein the ratio of water-soluble or water- 
dispersible segments to the number of sites of attachment on the substrate 
surface is less than about 0.8:1, 0.6:1 , 0.4:1 , 0.2:1 , 0.1:1, 0.05:1 or 0.01 :1 . 

21 . The sensor of claim 10 wherein said hydrophobic polymer chain 
segment comprises repeat units derived from a hydrophobic monomer having 
a log P value of at least about 0.5, 1 , 1 .5, 2, 2.5 or 3. 
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22. The sensor of claim 21 wherein in the absolute difference between 
the log P value of the hydrophobic monomers and the water-soluble or water- 
dlspersible monomers, from which said water-soluble or water-disperslble 
segment is derived, is at least about 0.5, 0.75, 1 , 1 .25, 1.5, 1 .75, 2 or 2.5. 

23. The sensor of claim 1 wherein the water-soluble or water- 
dispersible polymer chain segments have sites for the attachment of a probe, 
and a weight average molecular weight of at least 1 ,000 but no more than 
5,000,000. 

24. The sensor of claim 1 wherein the water-soluble or water- 
dispersible segments have a weight average molecular weight of at least 
25,000 but no more than 1 ,000,000. 

25. The sensor of claim 1 wherein the water-soluble or water- 
dispersible segments have a weight average molecular weight of at least 
50,000 but no more than 750,000. 

26. The sensor of claim 1 wherein a hydrophilic layer comprising the 
water-soluble or water-disperslble segments has a dry thickness ranging from 
about 10 angstroms to about 2000 angstroms. 

- - 27. The sensor of claim" 1 wherein the moiecule is a biological- — 
molecule and the probe is selected from the group consisting of nucleic acids, 
polypeptides, peptide nucleic acids, markers, cells, elastin, collagen, 
carbohydrates, enzymes, lipids, phospholipids, hormones, drug targets, 
phosphates, and metal ions. 

28. The sensor of claim 1 wherein said substrate is selected from the 
group consisting of glass substrates, silicon substrates, microspheres and 
combinations thereof. 
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29. The sensor of claim 1 wherein said functionalized groups are 
selected from the group consisting of hydroxy groups, amino groups, 
carboxyiic acids, carboxyilc acid derivatives, and thiols. 

30. The sensor of claim 1 wherein the density of functionalized groups 
is at least about 30, 100, 1000,5000, 1 x 10 4 or5x 10* ptamdes per square 
centimeter of substrate surface area. 



31 . The sensor of claim 1 wherein the intermediate segment is 
substantially free of crosslinks to the intermediate segment of other polymer 
chains. 

32. A sensor for binding a molecule in an aqueous sample in an 
assay, the sensor comprising: 

a substrate surface; 

a layer on the substrate surface comprising polymer chains having two 
termini and a water-soluble or water-dispersible intermediate segment 
between the termini, one terminus being free and the other terminus being 
bound to the substrate surface, the intermediate segment comprising a 
residue of a monomer having a probe for binding the molecule attached 
thereto. 

• 33 - The sensor of claim 32 wherein the probe and monomer have a 
size ratio which is less than about 100:1, 50:1, 20:1, 10:1 or 5:1 
(probe:monomer). 

34. The sensor of claim 32 or 33 wherein the molecule is a biological 
molecule and the probe is selected from the group consisting of nucleic acids, 
polypeptides, peptide nucleic acids, markers, cells, elastin, collagen, 
carbohydrates, enzymes, lipids, phospholipids, hormones, drug targets, 
phosphates, and metal ions. 
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35. The sensor of claim 34 wherein the probe is a nucleic acid 
polymer. 

38. The sensor of claim 35 wherein the nucleic acid probe is a DNA, 
RNA or PNA fragment, or a derivative thereof. 

37. The sensor of any one of claims 32 through 36 wherein the probe 
is at least about 5 nucleotides in length. 

38. The sensor of claim 37 wherein the probe is about 10 to 100, 
about 15 to 75, or about 25 to 50 nucleotides in length. 

39. The sensor of any one of claims 32 through 38 wherein the probe 
is a complementary DNA fragment 

40. The sensor of claim 39 wherein the cDNA probe is about 100 to 
5000, about 250 to about 2500, or about 500 to 2000 nucleotides in length. 

41. The sensor of any one of claims 32 through 40 wherein the 
polymer chains additionally comprise a hydrophobic segment between the 
water-soluble or water-dispersible intermediate segment and the substrate. 

42. The sensor of ciaim 41 wherein the hydrophobic segment has a 
dry thickness of at least about 100 angstroms, 250 angstroms, 500 
angstroms, 750 angstroms, 1000 angstroms, 1250 angstroms, 1500 
angstroms or 2000 angstroms. 

43. The sensor of claim 41 wherein the hydrophobic segment has a 
dry thickness ranging from about 50 to about 2000 angstroms, from about 100 
to about 1500 angstroms, from about 250 to about 1250 angstroms, or from 
about 500 to about 1 000 angstroms. 
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44. The sensor of claim 41 wherein, In addition to said hydrophobic 
polymer chain segments, spacer molecules are also attached to the substrate 
surface, the ratio of said hydrophobic polymer chain segments to the sum of 
hydrophobic polymer chains segments and spacer molecules ranging from 
about 0.1 to about 1, from about 0.2 to about 0.8, or from about 0.4 to about 
0.6. 

45. The sensor of claim 41 wherein, in addition to said hydrophobic 
polymer chain segments, spacer molecules are also attached to the substrate 
surface, the ratio of said hydrophobic polymer chain segments to the sum of 
hydrophobic polymer chains segments and spacer molecules being less than 
about 1,0.8 or 0.6. 

46. The sensor of claim 41 wherein the hydrophobic polymer chain 
segments are linear. 

47. The sensor of claim 41 wherein the hydrophobic polymer chain 
segments are branched. 

48. The sensor of claim 41 wherein at least a portion of the 
hydrophobic polymer chain segments are crosslinked to other hydrophobic 
polymer chain segments in the hydrophobic layer. 

49. The sensor of claim 41 wherein the ratio of water-soluble or water- 
dispersible segments to hydrophobic segments is less than about 0.8:1, 0.6:1, 
0.4:1, 0.2:1, 0.1:1, 0.05:1 or 0.01:1. 

50. The sensor of claim 41 wherein the hydrophobic layer comprises 
hydrophobic polymer chain segments, one end of each of said hydrophobic 
segments being attached to the substrate surface, and further wherein a 
hydrophilic layer comprising the water-soluble or water-dispersible polymer 
chain segments, one end of each of said water-soluble or water-dispersible 
segments being attached to the hydrophobic layer, the ratio of water-soluble 
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or water-dispersible segments to a number of sites of attachment on the 
substrate surface being less than about 1 :1 . 

51. The sensor of claim 50 wherein the ratio of water-soluble orwater- 
dispersible segments to the number of sites of attachment on the substrate 
surface is less than about 0.8:1, 0.6:1, 0.4:1, 0.2:1 , 0.1:1, 0.05:1 or 0.01:1. 

52. The sensor of claim 41 wherein said hydrophobic polymer chain 
segment comprises repeat units derived from a hydrophobic monomer having 
a log P value of at least about 0.5, 1 , 1 .5, 2, 2.5 or 3. 

53. The sensor of claim 52 wherein in the absolute difference between 
the log P value of the hydrophobic monomers and the water-soluble or water- 
dispersible monomers, from which said water-soluble or water-dispersible 
segment is derived, is at least about 0.5, 0.75, 1 . 1 .25, 1 .5, 1 .75, 2 or 2.5. 

54. The sensor of any one of claims 32 through 53 wherein the water- 
soluble or water-dispersible polymer chain segments have groups for the 
attachment of a probe, and a weight average molecular weight of at least 

1 ,000 but no more than 5,000,000. 

55. The sensor of any one of daims 32 through 53 wherein the water- 
soluble or water-dispersible segments have a weight average molecular 
weight of at least 25,000 but no more than 1 ,000,000. 

56. The sensor of any one of claims 32 through 53 wherein the water- 
soluble or water-dispersible segments have a weight average molecular 
weight of at least 50,000 but no more than 750,000. 

57. The sensor of any one of claims 32 through 53 wherein a 
hydrophilic layer comprising the water-soluble or water-dispersible segments 
has a dry thickness ranging from about 10 angstroms to about 2000 
angstroms. 
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58. The sensor of any one of claims 32 through 57 wherein said 
substrate is selected from the group consisting of glass substrates, silicon 
substrates, microspheres and combinations thereof. 

59. The sensor of any one of claims 32 through 58 wherein the 
intermediate segment is substantially free of crosslinks to the intermediate 
segment of other polymer chains. 

60. A polymer brush for binding a molecule in an aqueous sample in 
an assay, the brush comprising a substrate surface, a hydrophobic layer 
comprising hydrophobic polymer chain segments attached to the substrate 
surface and having a dry thickness of at least about 50 angstroms, and a 
hydrophiilc layer attached to the hydrophobic layer containing functional 
groups for the attachment of a probe for binding the molecule. 

61 . The polymer brush of claim 60 wherein the hydrophobic layer has 
a dry thickness of at least about 100 angstroms, 250 angstroms, 500 
angstroms, 750 angstroms, 1000 angstroms, 1250 angstroms, 1500 
angstroms or 2000 angstroms. 

62. The polymer brush of claim 60 wherein the hydrophobic layer has 
a dry thickness ranging from about 50 to about 2000 angstroms, from about 
100 to about 1500 angstroms, from about 250 to about 1250 angstroms, or 
from about 500 to about 1 000 angstroms. 

63. The polymer brush of claim 60, 61 or 62 wherein said hydrophobic ' 
polymer chain segments comprise repeat units derived from a hydrophobic 
monomer having a log P value of at least about 0.5, 1, 1.5, 2, 2.5 or 3. 

64. The polymer brush of any one of claims 60 through 63 wherein, in 
addition to said hydrophobic polymer chain segments, spacer molecules are 
also attached to the substrate surface, the ratio of said hydrophobic polymer 
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chain segments to the sum of hydrophobic polymer chains segments and 
spacer molecules ranging from about 0.1 to about 1 , from about 0.2 to about 
0.8, or from about 0.4 to about 0.6. 

65. The polymer brush of any one of claims 60 through 63 wherein, in 
addition to said hydrophobic polymer chain segments, spacer molecules are 
also attached to the substrate surface, the ratio of said hydrophobic polymer 
chain segments to the sum of hydrophobic polymer chains segments and 
spacer molecules being less than about 1 , 0.8 or 0.6. 

66. The polymer brush of any one of claims 60 through 65 wherein the 
hydrophobic polymer chain segments are linear. 

67. The polymer brush of any one of claims 60 through 65 wherein the 
hydrophobic polymer chain segments are branched. 

68. The polymer brush of any one of claims 60 through 67 wherein at 
least a portion of the hydrophobic polymer chain segments are crosslinked to 
other hydrophobic polymer chain segments in the hydrophobic layer. 

69. The polymer brush of any one of claims 60 through 68 wherein the 
hydrophilic layer comprises water-soluble or water-dispersible polymer chain 
segments having groups for the attachment of a probe, wherein an end of 
each segment is attached to the hydrophobic layer, and further wherein said 
water-soluble or water-dispersible segments have a weight average molecular 
weight of at least 1,000, 10,000, 50,000, 100,000. 200,000, 300,000, 400,000, 
500,000 or 750,000. 

70. The polymer brush of any one of claims 60 through 68 wherein the 
hydrophilic layer comprises water-soluble or water-dispersible polymer chain 
segments having groups for the attachment of a probe, wherein an end of 
each segment Is attached to the hydrophobic layer, and further wherein said 
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water-soluble or water-dlspereible segments have a weight average molecular 
weight of at least 1,000 but no more than 5,000,000. 

71. The polymer brush of any one of claims 60 through 68 wherein the 
water-soluble or water-disperslble segments have a weight average molecular 
weight of at least 25,000 but no more than 1 ,000.000. 

72. The polymer brush of any one of claims 60 through 68 wherein the 
water-soluble or water-dispersible segments have a weight average molecular 
weight of at least 60,000 but no more than 750,000. 

73. The polymer brush of any one of claims 60 through 72 wherein the 
hydrophilic layer comprises water-soluble or water-dispersible polymer chain 
segments having groups for the attachment of a probe, said segments 
comprising repeat units derived from a water-soluble or water-dispersible 
monomer having a log P value of less than about 1, 0.5, 0.3, 0.1,-0.1, -0.3 or 
-0.5. 

74. The polymer brush of claim 73 wherein in the absolute difference 
between a log P value of the hydrophobic monomers and the water-soluble or 
water-disperslble monomers Is at least about 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2 or 
2.5. 

75. The polymer brush of any one of claims 60 through 74 wherein the 
hydrophilic layer comprises water-soluble or water-dlspereible polymer chain 
segments having groups for the attachment of a probe, wherein an end of 
each segment is attached to the hydrophobic layer, and further wherein said 
segments are linear. 



76. The polymer brush of any one of claims 60 through 74 wherein the 
hydrophilic layer comprises water-soluble or water-dispersible polymer chain 
segments having groups for the attachment of a probe, wherein an end of 
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each segment Is attached to the hydrophobic layer, and further wherein said 
segments are non-linear. 

77. A polymer brush of claim 76 wherein said non-linear polymer chain 
segments are selected from the group consisting of branched polymers, star 
polymers, and combinations thereof. 

78. The polymer brush of claim 60 wherein the hydrophobic layer 
comprises hydrophobic polymer chain segments, one end of each of said 
hydrophobic segments being attached to the substrate surface, and further 
wherein the hydrophilic layer comprises water-soluble or water-dispersible 
polymer chain segments having groups for the attachment of a probe, one 
end of each of said water-soluble or water-dispersible segments being 
attached to the hydrophobic layer, the ratio of water-soluble or water- 
dispersible segments to hydrophobic segments being less than about 1:1. 

79. The polymer brush of claim 78 wherein the ratio of water-soluble or 
water-dispersible segments to hydrophobic segments is less than about 0.8:1 , 
0.6:1, 0.4:1, 0.2:1, 0.1:1, 0.05:1 orO.Oli. 

80. The polymer brush of claim 60 wherein the hydrophobic layer 
comprises hydrophobic polymer chain segments, one end of each of said 
hydrophobic segments being attached to the substrate surface, and further 
wherein the hydrophilic layer comprises water-soluble or water-dispersible 
polymer chain segments having groups for the attachment of a probe, one 
end of each of said water-soluble or water-dispersible segments being 
attached to the hydrophobic layer, the ratio of water-soluble or water- 
dispersible segments to a number of sites of attachment on the substrate 
surface being less than about 1 :1 . 

81 . The polymer brush of claim 80 wherein the ratio of water-soluble or 
water-dispersible segments to the number of sites of attachment on the 
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substrate surface is less than about 0.8:1, 0.6:1, 0.4:1, 0.2:1, 0.1:1, 0.05:1 or 
0.01:1. 

82. The polymer brush of any one of claims 60 through 81 wherein the 
hydrophillc layer has a dry thickness ranging from about 10 angstroms to 
about 2000 angstroms. 

83. The polymer brush of any one of claims 60 through 81 wherein the 
hydrophillc layer has a dry thickness ranging from about 15 angstroms to 
about 1000 angstroms. 

84. The polymer brush of any one of claims 60 through 81 wherein the 
hydrophilic layer has a dry thickness ranging from about 25 angstroms to 
about 100 angstroms. 

85. The polymer brush of any one of claims 60 through 84 additionally 
comprising a probe attached to the functional groups for binding the molecule. 

86. The polymer brush of claim 85 wherein said groups for the 
attachment of a probe are capable of attaching said probe without first being 
subjected to a chemical treatment to activate said groups for probe 
attachment. 

87. The polymer brush of claim 85 or 86 wherein the molecule is a 
biological molecule and toe probe is selected from the group consisting of 
nucleic acids, polypeptides, peptide nucleic acids, markere, cells, elastin, 
collagen, carbohydrates, enzymes, lipids, phospholipids, hormones, drug 
targets, phosphates, and metal ions. 

88. The polymer brush of any one of claims 60 through 87 wherein 
said substrate is selected from the group consisting of glass substrates, 
silicon substrates, microspheres and combinations thereof. 
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89. The polymer brush of any one of claims 60 through 88 wherein 
said functionalized groups are selected from the group consisting of hydroxy 
groups, amino groups, carboxylic acids, carboxylic acid derivatives, and thiols. 

90. The polymer brush of any one of claims 60 through 89 wherein the 
density of functionalized groups is at least about 30, 100, 1000, 5000, 1 x 10 4 
or 5 x 10 4 picomoles per square centimeter of substrate surface area. 

91 . The polymer brush of any one of claims 60 through 90 wherein the 
Intermediate segment is substantially free of crosslinks to the intermediate 
segment of other polymer chains. 

92. A sensor for binding a molecule in an aqueous sample in an 
assay, the sensor comprising: 

a substrate surface; 

a layer on the substrate surface comprising polymer chains having two 
termini and a water-soluble or water-dispersible intermediate segment 
between the termini, one terminus being free and the other terminus being 
bound to the substrate surface, the intermediate segment containing 
functionalized groups for the attachment of a probe for binding the molecule, 
the density of the functionalized groups being at least about 20 picomoles per 
square centimeter of substrate surface area; 

spacer molecules bound to said surface, the ratio of polymer chains to 
the sum of polymer chains and spacer molecules ranging from about 0.02:1 to 
about 0.1:1; and, 

a probe attached to the functional groups for binding the molecule, said 
probe having an average molecular diameter of at least about 50 angstroms. 

93. The sensor of claim 92 wherein the probe has an average 
molecular diameter ranging from about 50 to about 250 angstroms, or from 
about 75 to about 150 angstroms. 
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94. The sensor of claim 92 or 93 wherein the density of functionalized 
groups is at least about 30, 100, 1000, 5000, 1 x 10 4 or 5 x 10 4 plcomoles per 
square centimeter of substrate surface area. 

95. The sensor of any one of claims 92 through 94 wherein the ratio 
of polymer chains to the sum of polymer chains and spacer molecules ranges 
from about bout 0.04:1 to about 0.08:1. 

96. The sensor of any one of claims 92 through 95 wherein the 
polymer chains additionally comprise a hydrophobic segment between the 
water-soluble or water-dispersible intermediate segment and the substrate. 

97. The sensor of claim 96 wherein the hydrophobic segment has a 
dry thickness of at least about 100 angstroms, 250 angstroms, 500 
angstroms, 750 angstroms, 1000 angstroms, 1250 angstroms, 1500 
angstroms or 2000 angstroms. 

98. The sensor of claim 96 wherein the water-soluble or water- 
dispersible polymer chain segments have a weight average molecular weight 
of at least 1 ,000 but no more than 5,000,000. 

99. The sensor of claim 96 wherein the water-soluble or water- 
dispersible. segments have a weight average molecular weight of at least 
25,000 but no more than 1,000.000. 

1 00. The sensor of claim 96 wherein the water-soiuble or water- 
dispersible segments have a weight average molecular weight of at least 
50,000 but no more than 750,000. 

1 01 . The sensor of any one of claims 92 through 1 00 wherein said 
substrate is selected from the group consisting of glass substrates, silicon 
substrates, microspheres and combinations thereof. 
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102. The sensor of any one of claims 92 through 101 wherein said 
functionalized groups are selected from the group consisting of hydroxy 
groups, amino groups, carboxylic acids, carboxylic acid derivatives, and thiols. 

1 03. The sensor of any one of claims 92 through 1 02 wherein the 
molecule is a biological molecule and the probe is selected from the group 
consisting of nucleic acids, polypeptides, peptide nucleic acids, markers, cells, 
elastin, collagen, carbohydrates, enzymes, lipids, phospholipids, hormones, 
drug targets, phosphates, and metal ions. 

1 04. The sensor of any one of claims 92 through 1 03 wherein the 
intermediate segment is substantially free of crosslinks to the intermediate 
segment of other polymer chains. 

105. A method of preparing a polymer brush for binding a molecule in 
an aqueous sample in an assay, the method comprising: 

forming a hydrophobic layer on a substrate surface having a dry 
thickness of at least about 50 angstroms; and, 

forming a hydrophilic layer on said hydrophobic layer. 

106. The method of claim 105 wherein said hydrophobic layer is 
formed by free radical polymerization. 

107. The method of claim 106 wherein said free radical polymerization 
has living-type kinetics. 

1 08. The method of daim 1 07 wherein said hydrophobic layer is 
formed by first bonding a molecule, capable of initiating free radical 
polymerization, to a substrate surface at one or more points to form a 
derlvatized surface. 
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1 09. The method of claim 1 08 wherein said derivatized surface is 
contacted with a composition comprising a hydrophobic monomer under free 
radical polymerization conditions to form said hydrophobic layer. 

110. The method of claim 109 wherein said hydrophobic polymer layer 
is treated to render a fraction of the living free radical polymer chain ends 
incapable of re-initlatlng polymerization under free radical polymerization 
conditions. 

111. The method of claim 1 1 0 wherein prior to said treatment, 
unbound hydrophobic polymer Is removed. 

1 1 2. The method of claim 1 1 1 wherein the derivatized surface is 
formed by bonding a nitroxide-containing molecule to the substrate surface, 
said treatment comprising heating the hydrophobic layer. 

1 1 3. The method of claim 1 1 1 wherein the derivatized surface is 
formed by bonding an iniferter-containlng molecule to the substrate surface, 
said treatment comprising exposing the hydrophobic layer to UV irradiation. 

114. The method of claim 1 12 or 1 13 wherein said treated surface is 
contacted with a composition comprising a water-soluble or water-dlspersible 
monomer under free radical reaction conditions to form said hydrophilic layer, 
said layer comprising polymer chains bound at one end to a hydrophobic 
polymer, said bound polymer chains comprising: (a) water-soluble or water- 
dispersible segments having a weight average molecular weight of at least 
about 1000; and (b) one or more functional groups capable of reacting with a 
probe selective for the molecule. 

115. The method of any one of the claims 1 05 through 1 14 wherein 
the hydrophobic layer has a dry thickness of at least about 100 angstroms, 
250 angstroms, 500 angstroms, 750 angstroms, 1000 angstroms, 1250 
angstroms. 1 500 angstroms or 2000 angstroms. 
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1 16. A polymer brush for binding a molecule in an aqueous sample in 
an assay, the brush comprises a substrate surface having a polymer layer 
thereon, said polymer layer comprising a first hydrophobic layer attached to 
the substrate surface, and a second hydrophilic layer attached to the 
hydrophobic layer containing groups for the attachment of a probe for binding 
the molecule, said brush being characterized in that, upon being immersed in 
a 10 mmolar sodium hydroxide solution for about 15 minutes, the polymer 
layer thickness Is reduced by less than about 40%. 

117. The polymer brush of claim 1 1 6 wherein the poiymer layer 
thickness is reduced by less than about 30%, 20%, 10% or 5%. 

118. The polymer brush of claim 1 16 or 1 17 wherein the hydrophobic 
layer has a dry thickness of at least about 1 00 angstroms, 250 angstroms, 
500 angstroms, 750 angstroms, 1000 angstroms, 1250 angstroms, 1500 
angstroms or 2000 angstroms. 

119. The polymer brush of any one of claims 1 1 6 through 1 1 8 wherein 
the hydrophilic layer has a dry thickness ranging from about 10 angstroms to 
about 2000 angstroms, about 1 5 angstroms to about 1000 angstroms, or from 
about 25 angstroms to about 100 angstroms. 

1 20. The polymer brush of any one of claims 1 1 6 through 1 1 9 wherein 
the hydrophilic layer comprises water-soluble or water-dispersible 
intermediate segments having a weight average molecular weight of at least 
about 1000, and one or more functional groups capable of reacting with a 
probe selective for the molecule. 

121 . The polymer brush of claim 120 wherein the water-soluble or 
water-dispersible segments have a weight average molecular weight of at 
least 1,000 but no more than 5,000,000. 
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122. The polymer brush of claim 120 wherein the water-soluble or 
water-dispersible segments have a weight average molecular weight of at 
least 25,000 but no more than 1,000,000. 

123. The polymer brush of claim 120 wherein the water-soluble or 
water-dispersible segments have a weight average molecular weight of at 
least 50,000 but no more than 750,000. 

124. The polymer brush of claim 120 wherein said functionalized 
groups are selected from the group consisting of hydroxy groups, amino 
groups, carboxylic acids, carboxylic acid derivatives, and thiols. 

125. The polymer brush of claim 120 wherein the molecule is a 
biological molecule and the probe is selected from the group consisting of 
nucleic acids, polypeptides, peptide nucleic acids, markers, cells, elastin, 
collagen, carbohydrates, enzymes, lipids, phospholipids, hormones, drug 
targets, phosphates, and metal ions. 

1 26. The polymer brush of claim 120 wherein the water-soluble or 
water-dispersible segments of the polymer chain are substantially free of 
crosslinks to the water-soluble or water-dispersible segments of other polymer 
chains. 

1 27. The polymer brush of any one of claims 1 1 6 through 1 26 wherein 
said substrate is selected from the group consisting of glass substrates, 
silicon substrates, microspheres and combinations thereof. 

128. A method of preparing a polymer brush for binding a molecule in 
an aqueous sample in an assay, the method comprising: 

bonding a molecule, capable of initiating free radical polymerization 
having living-type kinetics to a surface of a substrate at one or more points to 
form a derivatized surface; 

contacting said derivatized surface with a composition comprising a 
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hydrophobic monomer under living free radical reaction conditions to form a 
bound, hydrophobic polymer layer, 

treating said hydrophobic polymer layer to render a portion of living free 
radical polymer chain ends incapable of re-Initiating polymerization under free 
radical polymerization conditions; and, 

contact said treated layer with a composition comprising a water- 
solubie or water-dispersible monomer under free radical reaction conditions to 
form polymer chains bound at one end to a hydrophobic polymer, said bound 
polymer chains comprising: (a) a water-soluble or water-dispersible segments 
having a weight average molecular weight of at least about 1 ,000; and (b) one 
or more functional groups on said bound polymer chains that are capable of 
reacting with a probe selective for the biological molecule. 

129. The method of claim 128 wherein prior to said treatment, 
unbound hydrophobic polymer is removed. 

130. The method of claim 128 or 129 wherein the derivatized surface 
is formed by bonding a nitroxlde-containlng molecule to the substrate surface, 
said treatment comprising heating the hydrophobic layer. 

131 . The method of claim 128 or 129 wherein the derivatized surface 
is formed by bonding an Iniferter-containing molecule to the substrate surface, 
said treatment comprising exposing the hydrophobic layer to UV irradiation. 

132. The method of claim 131 wherein the surface-bound Inlferter 
initiator has the formula: 



°V 



< 



s 



wherein: C Is a moiety on the surface of the substrate; L Is a linker group 
capable of bonding to at least one C moiety, z is 0 or 1 ; q, r and t are 
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independently 0 or 1 , provided the sum of q + r + 1 is at least 1 ; Y Is a residue 
capable of initiating free radical polymerization upon homolyBc cleavage of the 
Y-S bond; S is sulfur; and, G is a nitrogen or an oxygen heteroatom. 

1 33. The method of claim 1 32 wherein the surface-bound iniferter 
Initiator has the formula: 




wherein N is nitrogen, and R 1 and R 2 are independently selected from 
hydrogen, hydrocarbyl and substituted hydrocarbyl. 

134. The method of any one of claims 128 through 133 wherein the 
hydrophobic layer has a dry thickness of at least about 100 angstroms, 250 
angstroms, 600 angstroms, 750 angstroms, 1000 angstroms, 1250 
angstroms, 1500 angstroms or 2000 angstroms. 

135. The method of any one of claims 128 through 134 wherein the 
water-soluble or water-dispereible polymer chain segments have a we^jht- 
average molecular weight of at least 1 ,000 but no more than 5,000,000. 

1 36. The method of any one of claims 128 through 1 34 wherein the 
water-soluble orwater-dlsperslble segments have a weight average molecular 
weight of at least 25,000 but no more than 1,000,000. 

137. The method of any one of claims 128 through 134 wherein the 
water-soluble or water-dispersible segments have a weight average molecular 
weight of at least 50,000 but no more than 750,000. 
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138. The method of any one of claims 128 through 137 wherein said 
functional groups are selected from the group consisting of hydroxy groups, 
amino groups, carboxylic acids, carboxylic acid derivatives, and thiols. 

139. The method of any one of claims 128 through 138 wherein the 
molecule is a biological molecule and the probe is selected from the group 
consisting of nucleic acids, polypeptides, peptide nucleic acids, markers, ceils, 
efastin, collagen, carbohydrates, enzymes, lipids, phospholipids, hormones, 
drug targets, phosphates, and metal ions. 

140. The method of any one of claims 128 through 139 wherein the 
Intermediate segment Is substantially free of crosslinks to the intermediate 
segment of other polymer chains. 

141. The method of any one of claims 128 through 140 wherein said 
substrate is selected from the group consisting of glass substrates, silicon 
substrates, microspheres and combinations thereof. 
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FIG. 10a 



Probe Loading (fluorescent count) 
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FIG. 10b 



Probe Loading 
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FIG. IOC 



Hybridization (fluorescent mnnn 
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